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Iintroduction and Overview

- Robust Nuclear-Weapons-Effects Testing (NWET) capability will be needed for the
foreseeable future to ensure the performance and reliability, in nuclear environments, of the
evolving U.S. stockpile of weapons and other assets. Ongoing research on the use of
high-energy lasers to generate environments of utility in nuclear weapon radiation effects
simulations is addressed in the work described in this report. Laser-driven hohlraums and a
variety of other targets have been considered in an effort to develop NWET capability of the
highest possible fidelity in above-ground experiments. The envelope of large-system test
needs is shown as the gray region in fig. 1. It does not represent the spectrum of any
device; it'is just the envelope of the spectral region of outputs from a number of possible
devices. It is a goal of our laser-only and ignition-capsule source development work to
generate x rays that fall somewhere in this envelope. One of the earlier appearances of this
envelope is in ref. 1.

The Defense Special Weapons Agency provided important support for the work described
herein. A total of $520K was provided in the 1997 IACROs 97-3022 for Source
Development and 97-3048 for Facilitization. The period of performance specified in the
Statement of Work ran from 28 February 1997 until 30 November 1997. This period was
extended, by agreement with DSWA, for two reasons: 1) despite the stated period of

Disk Targets & Underdense Radiators / Hot e- bremsstrahiung
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Figure 1: Plot of the uniform fluence-area products of various NIF non-ignition sources plus an estimate of
the performance of the Seed-Layer Ignition Capsulc against a background of the envelope of large-system
test requirements suggested by Dr. Cyrus P. Knowles of Jaycor.
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performance, funds were not available at LLNL to begin this work until somewhat later in
the fiscal year, and 2) we agreed to stretch the current resources until follow-on funds were
in hand, to minimize effects of ramping down and up again.

The tasks addressed in this report are the following:

1) Non-ignition-source model benchmarking and design. This involves analysis of
existing and new data on laser-only sources to benchmark LASNEX predictions

2) Non-ignition-source development experiments :

3) Ignition capsule design to improve total x-ray output and simplify target fabrication

4) Facilitization of source arrays and of the NIF for NWET

A funding triad that includes the Defense Special Weapons Agency, the NIF Project and
LLNL's Defense Technology Department supports the work that is reported in this
document. The additional work presented here shows how the DSWA-funded work
integrates with the larger effort. :

There has been continued success in the development and fielding of the potentially longer-
duration non-ignition beryllium-can sources. There have been advances in understanding of
the relevant physics of these underdense radiators as well as further experimental support
for the validity of the predictions. This report includes results on our SLIC designs (Seed
Layer Ignition Capsules) that permit optimism for prospects of improving the hot-x-ray-to-
neutron ratio and total hot x-ray yield for NIF ignition targets.

An important summary of the laser-only x-ray environments appears again in this year's
document. This summary serves as an audit trail for the non-ignition-sources that are
projected for NIF based on experimental results and on projections of LASNEX modeling.

Reference:

1. NWET Applications for NIF Workshop (a compendium of viewgraphs)
15-17 March 1994. ed. by Gregory Simonson of LLNL

DSWA Final Report -5 -




NWET ANNUAL REPORT QDV-99-0001

lI-Experimental Measurements of X-Ray Emission from
Xenon-filled Beryllium Hohlraums

/I-1. Introduction:

As a follow-on to experiments in 1996, three xenon-gas-filled beryllium hohlraum shots
were performed in July 1997. These shots were on hohlraums that were redesigned based
on post-shot calculations of the previous targets (see next article). The targets were
improved by using larger laser entrance holes (LEHS) to eliminate refraction’ of the laser
beam that was caused by low density Be plasma that formed at the inside edges of the
LEHs. A small percentage of krypton (Z=36) gas was added to the xenon (Z=54) to
- attempt a measurement of the plasma temperature using ratios of various x-ray lines from
helium-like krypton. Target diagnostics showed uniform heating of a 2 mm long gas-filled
can and an x-ray pulse that was longer in duration. The peak of the x-ray emission and x-
ray pulse duration are more consistent with the predictions from simulations. The
conversion efficiency measured by the absolutely-calibrated spectrometer was similar to
previous determinations, approximately 12 % for the 2 mm diameter hohlraums.

lI-2. Experimental Setup:

As before, experiments were performed using the Nova laser. Due to newly lowered Nova
beam energy constraints, we used approximately 32 kJ of 0.35 pm laser light in 2 ns flat-
topped intensity profile. The 1996 shots had about 40 kJ available. This operational
energy limit was lowered due to damage to laser optics. The laser beams entered through
the holes in the endcaps of the target and irradiated the inside of a Be cylinder that was
filled with xenon gas and a 10%-20% admixture of krypton for temperature diagnostics.
The lasers heat the gas to form a highly ionized plasma that emits x-rays. These x-rays
pass through the walls of the Be cylinder and are detected by both time-resolved and time-
integrated diagnostics. The physical target dimensions were similar to previous shots - 1.8
mm outer length (1.6 mm inner length) and 2 mm in diameter; however, in this design the
laser entrance holes (LEHs) were 1.5 mm in diameter instead of 1.0 mm. Detailed post-
shot calculations of the 1.0 mm LEHs of the target indicated that the x-ray pulse and
heating were negatively affected by refraction of the laser beams by a low density Be
plasma that formed at the edges of the entrance holes. For the current experiments, the
LEHs were increased from 1 mm to 1.5 mm in diameter to eliminate the problem and to test
this aspect of the calculations. Furthermore, one Be hohlraum was increased to 3.6 mm in
diameter to test a scaling of the conversion efficiency with size of the target. The gas fill in
the targets was slightly modified from the previous targets in that Xe was doped with 10%
or 20% Kr to enable measurements of temperature by K-shell spectroscopy of the almost-
fully-ionized krypton. In all other target fabrication respects, i.e., glue, pressure tests, Be
wall thickness, etc., the targets were similar to the previous series of experiments.

The diagnostic complement was enhanced by the addition of more x-ray diodes and x-ray
film packs. Previously-used diagnostics were fielded again and included absolutely-
calibrated x-ray crystal spectrometers called Henways, x-ray streak cameras, and x-ray
imagers. New diagnostics were x-ray diodes that gave an independent -second
measurement of the conversion efficiency and x-ray film packs which measured the angular
symmetry of the x-ray emission.
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Figure 1. Spectrum from a time-integrated x-ray spectrometer. This target was a filled to 1 atm with
80% Xe and 20% Kr. It was 1.8 mm in length and 2.0.mm in diameter. The ordinates of this plot are
uncertain due to difficulties with the absolute calibration of the instrumentation. The left axis shows
the x-ray intensity. The right axis shows the cumulative integral of this x-ray intensity.

1I-3. Experimental Results

Three shots were performed in this series of experiments in 1997. All were on 1 atm
targets. One was filled with 80% Xe and 20% Kr and two were filled with 90% Xe and
10% Kr. These Xe-filled hohlraum targets were irradiated by the Nova laser to investigate
the x-ray output of laser-heated targets in the photon energy range of 4 to 10 keV. Two
targets with a 2 mm diameter were fielded - one with 80% Xe and 20 % Kr, and the other
with 90 % Xe and 10 % Kr. The third target was 3.6 mm in diameter with a 90% Xe and
10 % Kr gas fill. The Nova laser delivered 32 kJ of laser energy in a 2 ns flat-topped laser
pulse that supersonically ionizes the Xe gas.  Target shot numbers were 27072309,
27072311, and 27072403 (large can).

Conversion efficiency was measured by both the Henway crystal spectrometers as before,
and with x-ray diodes brought from NRL. In fig. 1 is an example of the spectrum and its
running integral from shot 27072309. The running integral is plotted on the right-hand
axis. The n= 3-2 transitions are found in the 4-to-5 keV range and the n=4-2 and 5-2
transitions are in the 5.5-to-7 keV range. For each shot, these data are collected for two
positions, one from the side and the other along the axis of the hohlraum. The x-ray output
from these small hohlraums were not angularly dependent, in contrast to previous shots
with smaller laser entrance holes. ~ The large hohlraum, however, did show a slight
asymmetry. The two shots performed on the 2 mm diameter (small) hohlraums gave a
conversion efficiency of 15% into the 4 to 7.5 keV photon energy range. The larger
hohlraums were less efficient and gave a conversion efficiency of 9.4% from the side and
13.0% along the laser axis. This larger hohlraum was filled to the same pressure and
therefore density, however, they were less efficient which is consistent with x-ray images
of the hohlraum that showed that the entire volume of gas was not uniformly heated.

DSWA Final Report ' -7 -
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Measurements by the x-ray diodes tend to give a lower conversion efficiency, near 7%.
However, the analysis of these data was hampered by a low signal-to-noise ratio, which
makes the error bar large. While this conversion efficiency is still much larger than ablative
disk targets in this regime, the difference between the two conversion efficiency
measurements by the Henway Bragg crystal spectrometers and the x-ray diodes fielded on
the same shot is under investigation. Both of these measurements depend on the absolute
calibration of the diagnostics. In the case of the spectrometer, the reflectivity of the crystal
is the largest error, and this can easily account for a 50 % error bar. For the diodes, this
depends on the calibration of the anodes on a source of measured flux.
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Figure 2a. Schematic of experimental setup designed by Fred Ze to measure integrated reflectivity of the

curved Henway crystals used in the experiments. A Manson source and microchannel plate were used to
record the data ’
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Figure 2b. Measurement of the integrated reflectivity of a curved Henway crystal used in the experiments.
The top curve indicates the incident x-rays source intensity, the bottom curve is a measure of the
reflectivity corrected for the microchannel plate response.
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For the crystals, we have performed measurements on a stationary-anode source in the
laboratory. This does not measure the rocking curve of the crystal, however, it does
measure the integrated reflectivity. Figure 2 shows some results from supplementary
measurements on a laboratory Manson x-ray source that we are continuing to analyze.

The angular dependence was examined by the use of x-ray film packs that were located at
two different points within the chamber. They were passive diagnostics that were attached
to diagnostic-insertion SIM carts that were driven into the chamber for the gated and
streaked diagnostics. These film packs were filtered for both above 4 keV photon energies,
and also for above 13 keV photon energies and were time integrated. The results showed
a less-than 5 % asymmetry.

The temporal dependence of the Xe emission (hv = 4-7 keV) was only obtained on the
large hohlraum. In the first two shots, time-dependent data were not obtained due to
diagnostic difficulties. The large hohlraum shows marked improvement in conversion
efficiency compared to the targets shot in 1996 due to the improved design of the
hohlraum. Figure 3 shows the temporal history of the emission compared to the data from
the 1996 series. The red curve is from the 1997 data while the blue and green curves are
from the 1996 data. In the 1997 data, the emission lasts for nearly the full 2 ns duration of
the laser pulse whereas before, the refraction of the beam at the laser entrance holes caused
a reduced emission after 1 ns. '

| T T T T Ll
20
15 | 1.
= _
2
9 10
£ A
ol .
0 o ! ! l - |«
-0.5 0.0 0.5 1.0 15 2.0 25

Time (ns)
Figure 3. Temporal history of the x-ray pulse of the L-shell of Xe. The red curve is the large-can new
data showing a longer duration of the x-rays of interest. The green curve is for the old design 1996
target with a smaller LEH and a | atm fill and the blue curve is for the 1996 target with a 2 atm fill.

Imaging results showed a vast improvement in the uniformity of the heated target. They
are recorded on a gated pinhole imager and filtered for appropriate photon energy ranges.
For the smaller 2 mm diameter targets, the x-ray emission is fairly uniform in the side-on
images. This is in contrast to the previous target design (experiments in 1996) that showed
a central cold region, even late in time. Figure 4 shows x-ray images of the target from the
side view filtered for two different photon energy bands. The lasers enter the hohlraum

DSWA Final Report -9 -
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Xe image @ 1.3 ns (hv >4 keV)

Krimage @ 1.3 ns (hv> 13 keV)

Figure 4. Two-dimensional x-ray images of the target. The image of the left is for photon energies
> 4 keV and is dominated by the Xe emission at 1.3 ns . The image on the right is filtered for
photon energies > 13 keV: At 1.3 ns these come primarily {rom Kr in the target.

from the left and right of the target. On the left is an image filtered for x-rays at 4 keV and
above. Here it is fairly uniform in the second half of the pulse and some plasma is seen
escaping the laser entrance holes. On the right is an x-ray images filtered for hv > 13 keV.
A two lobed emission pattern is still visible early in time, but at about 1.5 ns, it remains
non-uniform even later in the pulse. The data show that the lasers have already propagated
into the center of the hohlraum by 1 ns for Xe (hv>4 keV images) and by 1.3 ns in the Kr
(hv>13 keV images). This x-ray emission is strongly weighted by the density and we are
presently comparing these images with computer simulations of the target.

Xe image @ 1.8 ns (hv>4keV)

Figure 5. X-ray image for a | atm préssure
target at photon energies hv> 4 keV. The entire
inner volume 2 mm in diameter and 1.8 mm
long is recorded in emission at a time 1.8 ns after
the laser starts.

DSWA Final Report

A variation in Xe emission over this region at
a later time, ~ 1.8 ns, was measured to be
~10 % on shot 27072311 and this has a high
correlation with the laser energy on target.
In the case shown below in figure 5, the
energy of the laser beams irradiating the top
of the target was slightly lower. In the
future, beam balance can be requested to
avoid this non-uniformity.

The larger targets still show small volumes
of gas that are not heated enough to emit >4
keV x-rays. Figure 6 gives an example of
these images to compare to those in figure 3,
but for the larger target. We currently
comparing these images with calculations of
the emission.

t

Images taken end-on from the axial pinhole

- imager are shown for the small and large

hohlraum in figure 7. The blue and red
circles show the diameter of the two different
sized cans viewed end-on. The smaller
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Large hohlraum Xe image (>4 keV)@ 1.8 ns Kr image (>13 keV)@ 1.8 ns

Figure 6. X-ray image fora | atm pressure target at photon energies hv > 4 keV at 1.8 ns into
the pulse for a 3.6 mm diameter target. In the Xe image, the larger volume is not uniform and the
corners of the target are not heated sufficiently 10 emit > 4 keV x-rays. In the Kr image, the
emission is in the center and does not spread to the full diameter of the can.

diameter target images show bright emission at the wall of the 2 mm diameter can which
corresponds to the positions of the incoming beams on the inside wall of the hohlraum.

The brighter emission at the wall is of considerable interest since the wall is made of Be and

should not emit more than the gas fill at these photon energies. The Be wall material is
provided by Brush Wellman and the material certification shows that this material consists

2 mm diameter ' 3.6 mm diameter

- Figure 7. X-ray images from gated axial pinhole cameras filtered for x-rays > 4keV at about | ns
into the experiment. . The left image is from a 2 mm diameter hohlraum and the right image is
from the 3.6 mm larger diameter hohlraum.

DSWA Final Report - 11 -
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of 99.39 % Be. (P.O. # 1448403), where the contaminants are largely low to mid-Z
materials. The highest Z contaminant is Ti at 0.004 % which is a small enough percentage

to have a negligible effect on the emission, even if Ti He o lines at 4.7 keV are produced.
Independent target characterization on site at LLNL of the actual target shows impurities of
0, Al Si, S, Cl, K, Ca and Fe in small quantities that total less than 0.1 % by weight.
Again this confirms that the impurities are insufficient to cause significant amounts of
emission in these target images. Thus, the higher emission observed is probably an effect

due to the higher density of the gas near at the wall since the Be is expected to ablate
towards the center of the hohlraum and compress the Xe plasma.

In the 3.6 mm diameter hohlraum this compression effect is not visible and instead
"columns"” of heated gas are produced where the laser beam passes. The intensity of the
emission in these images is not the same as those in the side-on view because of different
gains in the x-ray framing cameras.

During these experiments, there was also an attempt to measure the krypton K-shell lines
that can serve as a temperature diagnostic. The geometry is shown below in figure 8. The

SIM 3 pointed
at TCC
Y SIM 3
tilted low 3%
X-ray path o
crystal
\ @) : y 415 cm
> I
|
) o= 33° = SIM axis with respect to horizontal

|

I

I

]

\ .
Figure 8. Schematic of the target chamber showing the SIM tube geometry fielded for the temperature
sensitive diagnostic. The outside circle represents the 2.2 meter radius Nova target chamber.  The blue
line is the line of sight of the SIM tube tilted low by 3 © and the red line shows the x-ray path. The

light blue line is the position of the crystal.
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diagnostic was an x-ray streak camera coupléd to a Bragg crystal. The krypton He-o line
is at 13.1 keV; high-resolution spectroscopy at this photon energy has not been done before
at Nova. We need to get high resolution in order to use the ratio of the Li-like satellite lines

to the He-o. line as a temperature diagnostic. As this ratio becomes larger, the temperature
is lower because more Li-like satellite lines exist at lower temperatures.

Experimentally two different crystals were fielded. The sensitivity to these high energy x-
rays is not well measured because they are not commonly used and stationary x-ray
calibration sources have difficulty achieving these photon energies. In figure 8, the
outside circle is a schematic of the 2.2 meter radius target vacuum chamber and the SIM
tube is explicitly shown coming up from the bottom left. Due to the Bragg angle needed
for sufficient resolution, the spectrometer was pointed below target chamber center to
accommodate a quartz (5052) or a LiF (422) Bragg crystal; these have a 2d spacing of
1.624 and 1.652 A respectively. Ge (111) was considered but not used because of
possible fluorescence of the Ge itself at these energies. Alignment of the diagnostic was
tested on a maintenance day at Nova and offsets for the SIM tube were calibrated at that
time.

FILE "27072309ssc3.pds” Horizontal line-out
ROWS #333 TO 476 Y FROM 19.9200 TO 28.5000 AY(EDGES)=8.64000

- T T T T T T 4 T Y T

mwCOOow XU

o 1 x 2 2 1 2 " 2 A i 1 2 1 X |

0 10 20 30
X (mm)

Figure 9. Spectrum from two different shots, taken at 1.5 ns. The peak at x =7 mm is due to
krypton He-ot emission at 13.1 keV

~ An example of the data obtained on this instrument is shown in figure 9. A streaked x-ray.
spectrometer shows a pronounced double bump in time in the Xe/Kr continuum emission

with the Kr He-o line appearing in the second half of the 2 ns pulse on the first target.
Below are a preliminary spectral lineouts showing the data from two different shots. The
peak is due to emission from the He-ot line located on the abscissa at approximately x=7

mm is at 13.1 keV. The emission is weaker than expected and therefore the determination
of temperature from this data is difficult due to low signal-to-noise ratio.
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/I-4. Conclusions

Experimental measurements have been performed on laser-produced plasmas that show
they can generate a significant quantity of x-rays above 4 keV. In summary, these targets
show that the design of the hohlraums is much improved from the previous experiments.
This improvement is principally due to the larger laser entrance hole size, which eliminates
refraction of the incoming laser beams. We are continuing to analyze the data. The results
show a conversion efficiency similar to the 1996 targets, but a much more uniform heating
of the target. The large-scale computer simulations for conversion efficiency and duration
of the x-ray pulse better model these data. For a Xe filled hohlraum volume of 5 mm’, we
are able to produce a 7-13 % efficient underdense radiator. The larger hohlraums are both
predicted and measured to have about 25% lower x-ray conversion efficiency. There are
three-dimensional features in the data that should be studied in further modeling.

Side-on imaging of the targets indicates we successfully produced targets with the entire
length of the hohlraum to be in emission. The uniformity was measured to be ~10 % that
can be entirely attributed to beam balance and this can be improved with better balance of
the beam energies in future targets. .

End-on imaging of the small cans that shows higher-intensity radiation near the walls
under the laser spots suggests that there may be a tamping of the emitting gas by blowoff of
the beryllium hohlraum material. By contrast, the large hohlraum emission appeared to be-
along the laser beams and did not achieve early or mid-time higher-intensity radiation near
the walls. However the sideways extent of the columns of radiation seen in the large

hohlraums could give clues of electron conductivity in these plasmas.

New filter pack diagnostics and corrections to the original data based on the relative
calibrations have reduced the apparent asymmetry of the previous data to within
uncertainties of the measurements.

Outstanding issues include the x-ray crystal and diode calibrations to reduce the error bar
and inconsistencies in the conversion efficiency numbers. The conversion efficiency
ranged from 5% to 20%, depending on the angle of view.

First attempts at a K-shell krypton temperature diagnostic were encouraging but
inconclusive.  These photon energies (> 13 keV) have not been measured on Nova laser-
produced plasmas before and the small number of shots makes diagnostic development
difficult. The krypton He-o. line was observed, but the signal level is quite low. Two-

dimensional images of the targets show the region of emission for Kr (hv>13 keV) is
smaller than for Xe (hv>4 keV). This diagnostic is still being developed.
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ll-Lasnex Modeling of Underdense Plasma Radiators

lI-1. Introduction
Underdense plasma radiators have been studied as part of a program to produce multi-keV
x-ray sources for use on large lasers such as NIF. The initial work in this area focussed on
xenon-filled gas bags that were driven by the Nova laser. More recently, it has been
proposed to use laser-heated Xe-filled Be hohlraums or cans; these sources are predicted 10
have a high conversion efficiency and an x-ray output duration longer than those from
laser-heated gas bags. As a result, experiments were executed to assess the performance of

these underdense radiators and to test our ability to model them.
12
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Figure |. Comparison of the 1996 underdense plasma temporal emission profile with two simulations:

one with refraction of the incoming laser beams, the other without.
was truncating the x-ray emission and is the basis for the increased laser-entrance hole diameter in the

1997 shots described in the previous article.

lI-2. Discussion
In this report we present simulations that were performed after the first set of gas-filled-can
experiments. These simulations help to understand the differences between modeling and
the experimental results as well as to aid in designing the next round of experiments.
Simulations and experiment were not in full accord following the first round of beryllium-

can experiments. The duration of the emission lasted only about | ns in contrast to the

- 15 -
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Figure 2. Lasnex modeling of the large-(1.5 mm diameter) laser-entrance-hole beryllium hohlraum
that is filled with | atmosphere of xenon gas. In practice. only one quadrant of this picture is
modeled because of symmetry. The laser beams are shown in magenta. the Be hohlraum in black and
the interface between the beryllium blowoff and the xenon gas is shown in cyan. This shows that the
larger LEH has solved the late-time beam refraction problem. Tick marks are separated by 100 pm.

predicted 2 ns. The experimental images also showed spatial gaps in the emission patterns,
whereas simulations indicated that the emission should not show a gap at the center. A
series of simulations was performed which attempted to mock up effects such as inhibited
electron transport, beam deflection and backscattering. None of these effects appeared to
recover the experimental results. ’

However, the experimental emission images indicated that large amounts of plasma had
escaped the can through the laser entrance hole (LEH). In the first set of Lasnex
simulations, material outside the Be can was lost from the calculation during rezones. After
modifying our zoning scheme to follow the escaping plasma properly, we found that Be
blow-off from the lip of the laser entrance hole was impinging into the path of the laser
beam. This near critical density plasma was found to refract the laser beam so severely
that the beam would no longer enter into the can. With refraction included we found that the
temporal history of the x-ray emission agreed well with experiments. To show this we plot
in figure | the experimental results (red) along with the initial simulations (blue) and the
new simulations (green) including refraction.

As a result of the simulations which included Be blow-off, modifications to the Be can
design were made which alleviated the refraction problem. In particular, the laser entrance
hole diameter was increased from 1.0 mm to 1.5 mm. The dimensions of the new design
are shown in figure 2 where we plot the can zoning (black) , the laser rays (magenta), and
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X-ray production
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Figure 3. Predicted temporal history of the x-ray emissions from the old, small LEH design and the
new, large LEH design.

the interface between the Be and Xe (cyan). This figure shows that the Be blowoff
material does not impinge on the path of the laser beam.

The temporal history of the x-ray power from the new design is shown in figure 3 along
with that from the old design. At early time the x-ray production is a bit less for the new
design due to less confinement of the gas with the larger LEH. However, the x-ray
production increases ‘with time and last for the full 2 ns. The time integrated x-ray
production is greatly improved with the new design.

The new LEH designs were the basis of the next set of experiments that were reported in
the previous article. These experiments had two targets sizes both with the larger LEH

1

rrTrTYTTTTTT YT T rr Ty r ey

Power (arb units)

0 3

t (ns) |
Figurc 4. Comparison of the LASNEX predictions with the measured xenon L-shell emission for
the large (3.6 mm diameter) can.
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Simulation

_ Figure 5. Side view of a beryllium hohlraum with X-ray images showing radiation with iv > 4 keV.

" The upper row shows the data. The lower row shows synthetic images produced by postprocessing the
Lasnex simulation. .

shown in figure 2. The standard size can (2 mm long x 2 mm diameter) was used along
with a larger can (2 mm long x 3.6 mm diameter). The targets produced uniform emission
lasting the entire duration of the laser pulse as predicted. In figure 4 we plot the x-ray
emission versus time for the large can along with the predictions. The temporal history of
the x-ray emission agrees quite well with the experiments. Therefore, we now believe the

refraction hypothesis to be the probable cause for the discrepancies seen in the first
campaign.

In Figure 5 we plot the observed spatial images of the x-ray emission as well as the
emission patterns predicted by simulations. Before making comparisons it is important to
note that the data no longer show the dark gaps at the center at early time. The can appears
to be uniformly heated and the resulting emission pattern is uniform for the duration of the
laser pulse. This is a vast improvement over the first set of experiments. This fact along

with the temporal data indicates that refraction from the LEH was indeed degrading the
performance of the first targets.

However, the simulations differ from the data in two distinct ways. First, the simulations
predict brighter emission at the center plane. Whereas, the data seems to be more or less
uniform over the can. Second, the simulations predict a tamping effect in which the ablating
Be squeezes the Xe gas radially inward. The predicted x-ray emission patterns therefore get
narrower with time as shown in Figure 5. In contrast, the experimental images appear to
have the same height throughout the laser pulse. :

In order to comment on the possible source of these discrepancies we must first understand
why the simulated emission patterns appear as they do. In a coronal approximation, we can
assume that the emission per unit volume scales like the electron density squared multiplied
by some power (usually 1/2) of the electron temperature. The emission pattern can be
understood by taking this scaling for the local emission and transporting the x-rays out of
the can allowing for rotational symmetry. Therefore, in figure 6. we plot the electron
temperature and the electron density at 2.0 ns. We can see that the emission at the center is
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due to the stagnation shown in Figure 6. Even though there is no stagnation on axis, the
rotational symmetry makes the emission appear to occur on axis.

The stagnation may be a two dimensional effect. In two-dimensional cylindrically
symmetric simulations the laser spots are rings uniform around the azimuth. Therefore, the
blow-off plasma is also symmetric and must converge like a cylinder. On Nova, there are
five laser spots on each side of the hohlraum; the space between spots is initially
comparable to the spot size itself. Thus, in the experiments in three dimensions, the plasma
blow off occurs in different regions and may not accumulate in the same manner.

Electron Temperature Electron Density

l‘ — | T

0.00 1.00 2.00 3.00 4.00 5.00 0.0 - 0.5 1.0 I
Te (keV)  ne/ng

Figure 6. Lasnex images of the electron temperature in keV and electron density in units of the fraction
of the critical electron density for 0.35 micron laser light, These quantities are shown for a small (radius
=2 mm) beryllium hohlraum at 2 ns. just as the laser drive beams are turning off.

Likewise the fact that the data shows no tamping may also be a three dimensional effect.
With a five beams in the azimuth there are regions where there is little tamping. Therefore,
the x-rays can still come from larger radii and would show very little tamping.

These discrepancies may be resolved by diagnosing the electron density and electron
temperature in several regions throughout the can. In addition, three dimensional
simulations would also be very useful to see how the plasma really might stagnate.

llI-3. Conclusions:

Lasnex modeling has led to the design of a successful underdense radiating beryllium
hohlraum filled with an L-shell xenon plasma. This correct problem was identified after
examining several parameters related to the Lasnex simulations. The temporal profile of the
simulations and of the measured data for the large hohlraum are in very reasonable accord.
Diagnostic difficulties during the experiment prevent comparison with the emission from
the smaller-radius hohlraums. There remain some qualitative and quantitative differences
between the measurements and experiments. In particular, we are interested in the apparent
fact that the hottest, most strongly radiating portions of the plasma in the small hohlraums,
even relatively early in the laser pulse, appear near the walls of the hohlraum. This may be
due to 3-dimensional effects. These are important questions to address.
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IV-Hot X-Ray Output from Seed-Layer Ignition Capsules

Hot x-rays are needed for radiation effects testing on NIF. Based on LASNEX
calculations, we find that it may be possible to make hot-x-ray-source ignition capsules.
Two new NIF ignition capsule designs are presented. Both designs eliminate the need to
seed the frozen DT. The first design adds a mid-Z seed to the ablator. The second design
puts a thin layer of the seed material between the DT fuel and the ablator. This has very
positive implications for target fabrication. Unoptimized results suggest that a 30 MJ
ignition capsule can produce over SMJ of x-rays above 5 keV, about 2 MJ have energies
above 20 keV, and about I MJ are above 40 keV. We have also found that many useful x-
rays are lost to absorption in standard gold hohlraum walls; alternate hohlraum designs
with much less gold and lower-Z walls are being investigated.

IV-1. Introduction

_ We have looked at ways to increase the hot x-ray output by the modification of
successful designs of NIF ignition capsules (ref. 1) This is of interest to the radiation
effects community. There is an ongoing need to revalidate hardware by exposing it to
fluences of x-rays above 10 keV. Without underground testing NIF will be one of very few
sources able to provide the

needed fluences of these x-
rays.

The result is a new variant of
the standard NIF ignition
capsule (ref. 1) that is
illustrated schematically in fig.
1. This design holds promise
for more flexibility in tailoring
output,  producing  more
copious and harder x-rays. In
addition, the target fabrication
challenge is reduced from that

Radius/ mm

Baseline Hi-Z-seeded CHO-Br SLIC
of earlier designs that relied with Frozen DT ablator Seed Layer
on seeding the frozen DT, to CHO Br changedto  lgnition Capsule:
Ee nearly”identical to that of a ablator CHO-Seed 2 ::cfon
standard NIF ignition ablator seed fayer
capsul e. Howev er, outside Frozen DT

considerable research remains
to be done on many physics
issues. :
We have also begun work on
a modified hohlraum design.
This design uses lower-Z
materials since a standard gold
hohlraum severely attenuates
the x-rays of interest (10-30
keV). This redesigned
hohlraum must have same
performance as the “standard”
hohlraum. We have identified
the problem and are beginning
work on a number of ideas.
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Figure 1. Schematic diagrams of the ignition capsules discussed in
this section. The ablator material in most of our calculations is
brominated plastic (CHO-Br for short and color-coded green in these
diagrams). The indicated radii are approximate. The first capsule is the
bascline that has been designed by Steve Haan of LLNL's X division
and his collaborators. The remaining capsules indicate the seed
material in red. The second capsule has high-Z seed material mixed
into the outer third of the frozen DT (this design presents a target
fabrication challenge). In the third capsule, the bromine in the ablator
is replaced with a selected seed material. The fourth capsule shows the
SLIC design, which stands for Seed Layer Ignition Capsule. So far,
we have modeled only very thin, mid-Z seed layers. If hydrodynamic
performance would be improved by adding a density gradient in a
thicker seed layer, we could be compelled to move in that direction.
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IV-2. The Capsule

Our capsule designs are based on designs by
Steve Haan, Max Tabak, and Tom Dittrich of
X Division. Our work was started on a 30
M]J capsule using a brominated plastic ablator
(the first capsule in fig. 1); we are also using
a 17 MJ capsule that has a copper doped
beryllium (CuBe) ablator in our LASNEX
calculations. The design variations evolved
through three phases as shown in fig. 1. The
first variation put a high-Z seed in the outer
third of the DT fuel. The second variation
replaced the bromine in the ablator with a
mid-Z material. The third variation put a thin
(~2 um) layer of a mid-Z seed between the
DT fuel and the ablator. Our best results
have been obtained with the SLIC design
shown in fig. 2 using a molybdenum K-
shell- radiating seed layer

1V-3. The Laser Drive

The laser pulse is shaped to produce a
sequence of shocks that converge on the DT
shell. The time-dependent drive spectrum,
when converted to temperature, is shown in
fig. 3. Designers adjust the time and
magnitude of the various steps in the drive
pulse to optimize shock convergence and
capsule performance

1V-4. Calculational Procedure

All regions out to and including the ablator
were run with burn and NLTE physics
turned on. The neutronics were run with
multigroup diffusion.

The calculations are stopped shortly after
bang time when all of the hot x-rays (> 5
keV) have been emitted. Soft x-rays with a
temperature of about 100 eV and a total
energy of several megajoules are- emitted
over a longer time span of about 100 ns.
These soft x-rays are ignored for the
purposes of this paper. Cold gold opacity
is a good approximation of the effect of
hohlraums on warm and hot x-rays

QDV-99-0001
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Figure 2. This pie diagram shows the structure of the
brominated plastic ablator capsule.
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Figure 3. The temperature of the x-ray sourcc
produced by the. laser drive in the hohlraum.

(hv > 5 keV). This works since only the inner portion of the hohlraum gets hot enough to
emit and its temperature is less than | keV. The soft x-ray attenuation is overestimated
(hv < 5 keV) since the ionization of the outer shells of the gold is neglected in using cold

opacities.
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1V-5. Where is the emission occurring?

As we tried to diagnose our early attempts at seeding a capsule we discovered that the
absorption by the gold hohlraum was masking the details of the emission by the capsule.
Fig. 4 shows how the gold hohlraum walls attenuate the differential spectrum of the
standard unseeded capsule with a bromine-doped plastic ablator. Note that the spectrum
loses all traces of the characteristic bromine K-shell emission (just above 15 keV) as the
gold thickness increases. This shows the importance of minimizing the thickness or the
optical depth of the hohlraum so that the x-rays in the 10-40 keV range are not severely
attenuated. _

To determine the source of the emission in the capsule we put flux contours between the
various regions and some within the fuel itself. By taking the difference between adjacent
flux contours we determined the emission coming from a specific shell. Fig. 5 shows the
emission from a 30 MJ brominated plastic ablator NIF capsule. The lower line is the
emission from the DT part of the capsule while the upper line is the emission from the
ablator. This result pointed out that the bulk of the emission is from the ablator, in
particular from the bromine dopant that is the highest Z element present. This idea led in
two directions. Previous efforts by others as well as our own first efforts put the seed into
the DT fuel. As shown below this is not an optimal solution for getting hot x-rays. Next we
considered a uniform dopant in the ablator. We are presently using a thin layer of an emitter
between the ablator and the DT fuel. This concentrates theé emitting atoms in the region
outside the DT itself that gets the hottest. This should promote the emission of hot x-rays.
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Figure 4. The dependence of the ignition-target output spectrum on the thickness of the gold hohlraum.
Cold gold opacities are used to illustrate how the absorption by the gold hohlraum wall completely
obscures K-shell emission (~15 keV) of the bromine in the ablator. Cold opacities are representative of
the actual wall absorption for the hotter photons of interest to this work. Note that the abscissa begins at
S keV.
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IV-6. Seeding strategies

1. Seeding the DT fuel

Initially we looked into ways to dope the DT fuel to produce more x-rays. This is
illustrated in the second design schematic of fig. 1.  This concept, which has been
explored by a number of researchers from both X and A Divisions, seeds the outer third of
the frozen DT with a high-Z element such as uranium. However, DT seeding poses
significant target fabrication challenges. Fig. 6 shows the enhancement achieved when the
outer third of the DT fuel is seeded with 0.005 atom fraction of uranium. Even here we also
notice that the brominated ablator contributes significantly to the emission.

The reason for seeding the DT is that this is the hottest material in the capsule. Only the
outer third of the DT is seeded so that the seed material won’t mix into the central hot spot.
This would prevent the capsule from igniting. Seeding the outer third of the fuel with 5.
parts per thousand of uranium reduced the total capsule yield by a factor of one third.
Looking at the energy production in more detail revealed that a high-Z seed duds most of
the energy production in that region. Fig. 7 compares the energy production in the fuel for
the unseeded and seeded cases. The propagating burn is evident in the high-Z seeded DT
layer but the energy production rate is greatly reduced from the unseeded case.
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Figure 5. The c¢mission from a 30 MJ NIF Figure 6. The emission from a 30 MJ NIF ignition capsule
ignition capsule (brominated plastic ablator) is (brominated plastic ablator). The outer third of the DT fuel
plotted. The fluence from the DT fuel is much was seeded with 5 ppt of uranium The emission has been
smaller than the fluence from the ablator. broken up to show the contributions from the abiator, the

seeded fuel, and the unseeded DT fuel.
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Figure 7. Energy production as a function ai umt, and wass - integrated out imm the center) {a) The
unseeded capsule. (b) A capsule with 5 ppt uranium in'the outer third of the DT fuel. The hmnmnul black
lines denote the edges of the DT fuet and the interface between the secded and anmtda& pmimm of the DT.
The interface decreases in mass due 1o the buening of the DT. . : ’

2. Seeding the ablator

Since the bromine (Z=3%) t}wt is normally in the abiatox 15 the dommam mmcm of hot x-
rays in the standard NIF capsule we feplaced the b: orine with higher-Z elements. This is
illustrated in the third schematic design in fig. 1. We looked at strontium, molybdenum,
zm nmdvmmm emd yttczbmm wnh 7 "‘58 42‘ 50 60, dﬂd ’7() respecmely Tabi I ists

tends o increase with the Z {)f the. se::d I; xcept k}z, thc fin and m{}lybdunum m}mimom
they all share a common high energy fail to the spectra. For each spectrum theére is an

increase in X-rays at the region of characteristic K-shell erhission for the seed element (the

cold K edges are at 13,5, 29.2, 43.6,61.3 keV for Br, 'Sn; Nd, and Yb respectively). The
spectra. show that the strenvth of the K-shell emission is det.immcr rapidly as Z increases
which is consistent with the ionization distribution of the ablator seed material during the
time of emission.

These calculations were run with NLTE physics turned on. For wmf: reason unknown o
us at this time the tin and molybdenum calculations fall far below the others. There is no
obvious reason for this and we are continuing to investigate it in case them is a pmbiem
with the NLTE opacity package for tin. Part of the pmbiam shows up as a reduction in
yield. This can be caused by windows in the c;pauw of the seed tuining the timmg of the
shocks or by heating the fuel excessively.
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Table 1. The x-ray energy (MJ) emitted above a cutoff by a seeded ablator
with no hohlraum absorption.

Seed (in ablator)
Cutoff Energy None Sr Mo Sn Nd Yb
5 keV 1.42 1.46 0.38 1.55 2.60 2.96
20 keV 0.55 1.17 0.08 0.46 0.76 0.88
Yield 31.0 304 - 10.7 24 .4 26.0 31.5
4 N | S I L I LI "l LI 4 LI I L L I LA I L)
E = NLTE calcs — Br
2R © == Br 7 2 Sr
10° F 1 Z10°§ — Mo 3
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Figure 8. The spectra, (a), cumulative fluences, (b), from 30 MJ NIF capsules with different seeds in the
plastic ablator. It is not yet known why the molybdenum calculation had a yield so much lower than the
others (see Table [).

3. Seed layer between the fuel and ablator

It is only a thin layer on the inner edge of the ablator that gets hot enough to emit the
energetic x-rays. Fig. 9 shows how thin this layer is for the standard brominated ablator.
Only the inner 30 um (~0.4 mg) of the ablator has the bromine stripped down to the
K-shell. In an effort to increase the amount of hot, K-shell radiating material, we next tried
putting a layer of the seed material between the DT and the ablator.

IV-7. Results from Thin Seed Layers

Using thin seed layers is the most flexible scheme we have come up with so far. This is the
fourth design in fig. 1. These results are preliminary; we have not optimized the layer
thickness and have only tried single element seeds. We predict K-shell emission for
elements with Z<50. Tables 2 and 3 show the results for this design. Table 2 and Fig. 10
are the results for the bare capsule. Table 3 and Fig. 11 include absorption by 10 ym of
cold gold to simulate a thin hohlraum. When only the capsule emission is considered (Tab.
2) a silver seed layer produces the most hot x-rays among the mid-Z K-shell emitting
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seeds. Table 3 shows that a molybdenum sced layer produces the most hot x- rays when the
attenuation by a 10 um gold hohlraum is included.
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‘Table 3. The x-ray energy (MJ) emitted above a cutoff attenuated by a 10
pum gold hohlraum.

Seed (1.7 um layer)
Cutoff Energy None | Br Mo | Ag Sn_ | Xe
5keV 0.43- 0.81 0.99 0.95 0.8(;— 0.49
20 keV 037 |0.68 [0.82 |0.77 |0.64 |0.37

IV-8. Conditions in the seed layer

Fig. 12 depicts conditions in a seed layer of molybdenum. The time axis is centered on the
time of peak energy production. Note that the molybdenum is stripped into the K-shell right
after the peak of energy. production. Fig. 12b shows that the molybdenum is colder than the
DT fuel. Its peak electron temperature is about 12 keV; much less than in the DT fuel. The
temperature is lower since the molybdenum (with more electrons available) radiates more
efficiently than the DT fuel. Fig. 12c shows the mass decrease in the DT fuel due to burn.
You can also see that the mass of the seed layer increases during burn; this is due to alpha
particles that are stopped in the molybdenum. This is one source of heating for this layer.

IV-9. Conclusions

The scheme of putting mid-Z seed between the fuel and the ablator is a robust way of
producing hot x-rays. These Seed-Layer Ignition Capsules avoid the problem of reduced
yields that occurs when the outer part of the DT is seeded. It also will be easier to fabricate
targets like this. We have preliminary results for CuBe ablator targets. Unoptimized,
preliminary results suggest that a 34 MJ ignition capsule can produce over 4 MJ of x-rays
over 5 keV and well over 1 MI have energy greater than 20 keV. The results are similar to
the plastic ablator capsules for some cases. However, we find that these CuBe capsules
appear to be more sensitive to the seed layer preheating the fuel and decreasing the yield.
There are numerous issues that remain to be addressed. Among these are:

* Rayleigh-Taylor hydrodynamic instabilities at the ablator-DT interface (which may
decrease or may increase the hot x-ray emission). Mixing of the seed into the fuel will tend
to decrease the yield and hot x-ray emission. The convoluted interface between the seed and
the fuel will have a larger surface area and will decrease the density of the seed; this will
tend to decrease the emission as well. If unmixed seed is surrounded by burning DT then
-emission may increase. :

« The NLTE physics that governs emission in the seed layer. One possible issue is that it
may be inaccurate for very thin layers.

» Energy transport from the DT ignition region into the seed layer and the ablator.

» Target-fabrication remains a concern but is reduced to being very similar to those of the
standard NIF fusion capsule.

The gold hohlraum can absorb a significant fraction of the interesting X rays that are
produced. Replacing the gold in the hohlraum with a material that has similar low-Z
opacity, e.g. FeS,, would allow more of the x-rays above 5 keV to escape. Another option
would be to put a low-Z window material in a portion of the hohlraum to allow the x-rays
to escape. A third option is to use a thin Au layer tamped by a low-Z material.
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Figure 10. The differential spectra (a) and cumulative fluence (b) emitted by the seed-layer ignition capsule
(SLIC) when different single-clement seeds (1.7 pum thick) are put between the fuel and the ablator.
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Figure 11. Capsule outputs of fig. 10 above where the spectra have been attenuated by 10 pm of gold to
simulate the effect of a thin hohlraum on the emission.
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V-Review and Status of Facilitization for NWET on NIF

V-1. Requested Modifications in the NIF Design

In January 1996, the NIF Radiation Sciences Users Group (NRSUG) drafted suggested
changes to the NIF Primary Criteria /Functional Requirements to support radiation effects
test capability. These suggestions resulted in the approval of Baseline Change Proposal
96-005. This request ‘Not to Preclude Radiation Testing” was approved on May 1, 1996 -
by the Level I Baseline Change Control Board. A synopsis of the requested changes in the
NIF Functional Requirements and Primary Criteria to accommodate the requests of the
NRSUG includes the following items:

1) the baseline design and operation should be capable of performing radiation effects

testing,

2) there should be a higher shot rate to accommodate multiple user requests,

3) lo and/or 2w operation should not be precluded,
4) there should be flexibility in beam focusing and pointing,
5) the basic capability for distributed sources is to be provided.

V-2. Status of the Requested NIF Design Modifications

Significant gains have been made over the past year in specification of the NRSUG
requested modifications to the NIF design to accommodate radiation effects testing. This
section is intended to provide the status of the facilitization of the NIF to support radiation
effects testing as of December 1997. In January 1996, the DOE/ONIF directed the NIF
Project Office to develop a response to the NRSUG requested modifications to the NIF
design. This led to the NIF Baseline Design Change Proposal 97-005 that provided ‘Not
to Preclude Radiation Testing’.

A ‘not-to-preclude’ or ‘provide capability’ design requirement is a requirement that must be
achieved and may have cost to implement outside of project cost. To satisfy this
requirement, a NIF Project engineer must be able to show that additional hardware can be
added after the initial construction phase is complete with an acceptable schedule impact.
The Project engineer’s primary mission is to design the NIF for its intended mission.
Many of the ‘not-to-preclude’ or ‘provide capability’ design requirements will, therefore,
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Figure 1 Schematic of the NIF [ 1-7 amplifier configuration
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entail risk on our (the NRSUG) part for this requirement z;n_}ess risk mitigation
studies/engineering are performed. Thestatus of all the requested modifications to the NIF
design will be discussed in the following sections,

V-3. Laser System

At the end of Title T design (Nov. 1996) the NIF Project determined that the NIF baseline
performance requirements can be met with an 11-5 amplifier configuration and with 48 pre-
amplifier modules (PAMs). A basic schematic didgram of the 11-7 NIF laser system is
shown in Figure 1. This 11-5-amplifier configuration reptesents a reduction in the total
number of amplifier slabs relative to the CDR design. The performance margin will be fess
than for the 11-7 arrangement, thus component performance is more critical and energy /
power will be less for stressing operation conditions. This would include our desire o
have the maximum energy from the system. “Two amplifier slabs and 48 PAMs can be
added later i requited to recover performiance  margin, — The ~calculated NIF 3
performance envelope is shown'in Figure 2. Noté 1

be possible at an 8 ns pulse width. .

atclose to 3MJ of 3@ laser light may

V-4. Design Changes that Affect NWET Facilitization

The change in the number of PAMs has resulted in loss of laser s

ent versatility that

+ directly affeets flexibility in effects test scenarios. - This includes loss of laser performance

options such as: more than one color within each beam quad; different pulse shapes within
each beam quad; and potential loss of time delay within each beam guad. “Different colots.
pulse shape or time delay between quads is not precluded. The use of 48 PAMs will Limit
the maximum output energy from the laser, thus providing a reduced upper limit of source
strength. This may also “have a detrimental effect on the ability 10 'use 1@ sources,
Previous studies have shown that one option in the use of distriibuted sources may cause
some beams to be clipped at the chamber port; this would require some beams 1o be
apertured. This was'to be co Py gL R
accomplished by = an _
insertable aperture in the 1000 1
PAM. With 48 PAMS, if
a beam needs 10 be 800 &

apertured, then -all the : _ éﬁ‘iﬁi%%’ﬁ%"‘-
beams in that quad would hohiraums g
also be identically ERA
apertured leading to less
energy on target for the

TW.on target

density/unit  area. ‘An

potentially-clipped “beam,
via an  appropriate

diffractive opuic, o a PR oy o:m " 4
second target.  With 48 e

PAMs, there can be only  Figure 2. The projected NIF 3w performance envelope for power and
limited time delay or  energydeliveredto targets, Note that it is possible for NIF to deliver
power difference between  about3 MJ of blué light in an 8 ns pulse. )
beams in a quad, so this

latter  option  Trestricts
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options of x-ray output pulse shaping by irradiating targets at different times and/or power.
The Pre-Amplifier Transport System (PATS) will allow some fine tuning of the power and
delay (10 ns total). .

V-5. Pulse stacking, long pulse shapes

The NRSUG requested a time delay in order to stack laser beams to cover a broad range of
x-ray output temporal pulse shapes. The NIF design allows delay from the first to last
laser beam timing of order 30 ns via operator control with the option of longer delays to .
order 100 ns. This time delay is in the PAM and/or ‘trombone’ section near the PAM
injection point to the main amplifiers. The use of only 48 PAMs will limit the flexibility of
the laser to effectively 48 independent systems (quads). The NIF Project design of the
optical pulse generation system will allow an operator selected range of 10 ns for a ‘Haan’
pulse (the shaped NIF pulse that will ignite the indirect-drive NIF fusion capsules). Note
that a ‘Haan’ pulse is approximately 20 ns, thus a nominal laser pulse width of 3-5 ns will
have an operator-selectable range of about 25 ns.

The option to have variable pulse shapes and long pulse widths to accommodate source
requirements for effects testing is in the system design for each quad and there is no
incremental cost for having the 25 ns selectable range. The implementation of a larger
range of pulse delay will require a change in the Master Oscillator Room (MOR). This
change will be relatively simple to implement as the pulse timing system in the MOR will
allow fiber optic solid state switching between a standard fiber or a delay fiber. This will
only require changing out the fiber optic lengths in the Optical Pulse Generator (OPG).
The cost of the fiber optic and installation would be borne by the user community,
however, some quads will have delay options set by the need for backlighters or other
special target configurations. Longer inter-beam time delays could then be implemented via
NIF operator control of the optical switches in the Master Oscillator Room to the longer
fibers. The replacement or installation of NRSUG specified fiber optic lengths is, in the

present design, straightforward and can be implemented with no impact on standard NIF
operations.

No further action is required from the NRSUG to protect this option at this status level,
however, the NRSUG must remain active in protecting its interests. There is no additional
impact on the NIF design, construction or operation. '

V-6. 1w /2w Operations: Suprathermal electron bremsstrahlung

1.06 micron (1) laser irradiation of hohlraum-like targets shows promise of producing a
usefully-large population of hot -electrons (T,~60 keV) that can subsequently interact with
the high-Z hohlraum target walls to produce bremsstrahlung radiation. The previous
assessment by DSWA and the NIF Radiation Sciences Users Group has indicated that x
rays with hv > 25 keV generated in Stimulated-Raman-Scattering (SRS) -dominated
hohlraums would be of high utility for high fidelity (threat-like) radiation effects testing of
strategic electronic systems and components. The projected source intensity, spectral
fidelity and temporal fidelity all appear attractive for weapons effects test applications. This

assessment has assumed 3 MJ of 1o laser beams onto an array of targets, possibly

distributed as much as 25 cm from the target chamber center. The ability to focus 1 to

targets is protected in a ‘not to preclude’ statement in the Function Requirements/Primary
Criteria.
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The primary issue for conversion to L@ operation is to ensure that no back reflections from
the target or other target area hardware into the acceptance cone of the final spatial filter
(FSP) are of sufficient magnitude to be amplified back up a still-energized laser chain and
cause major damage to the laser amplifiers and mirrors. This is of concern to the NIF
Project and the use of unconverted 1.06 pm light fo produce these x-ray sources might
require additional isolation. Additional isolation would be expensive to implement and
would, if required, dampen interest in using this potential test capability. Recently it was
suggested by E. Michael Campbell and Bill Kruer (internal LLNL memo of 16 June 97)

that hard x-ray production with 2 irradiation may be useful and of less risk. Recent
experiments by Brian MacGowan have shown significant generation of suprathermal

electrons by 3w light. A full assessment of the potential risks, cost and test utility of any of
these approaches needs to be considered, preferably before the end of Title II design. The
NRSUG needs additional information fully to assess this potential test capability of the
NIF: the cost to implement; operational risks; shot costs (effectively, to the user); and,

also, the potential impact of this type of test on the availability of the NIF for other effects
testing. :

V-7. 1o operation

At issue is, can the NIF be operated safely at 1w at high power with the operational
configuration desired by the test community? What are the limitations? From the test
perspective, will it be cost-effective, are there limitations on the NIF performance envelope,
and will the resultant test environment be of interest to the test community from the
viewpoint of cost and availability? John Murray, the NIF Project Chief Scientist for 1®
has suggested an inexpensive option for protecting the NIF laser amplifiers that would
utilize long laser pulse shapes to deplete the energy in the amplifier slabs, thereby’
preventing amplification of unwanted reflections. It is reasoned that this proposed
operational mode would allow safe NIF operation at 1. However, this option needs to
be examined carefully to consider all components in the laser chain and to also consider
impacts to the NIF operation. One issue, since the number of PAMs has been reduced to
48, is whether there is sufficient energy in a long injection pulse to effectively deplete the
energy in the amplifiers. Perhaps a proof test with the 1st bundle to the target chambers in
2001-2 would be possible. The downside of this suggestion includes issues of the target

response to long pulses and the acceptability of the resultant x-ray pulse shape to the test
community. ,

V-8. The 2w option

The NIF Project believes that the use of 1 entails risk to the laser. It has been proposed
that efficient hot electron generation might be obtained with optimized targets using 2@,

thus eliminating the risks associated with focusing 1®. The expected efficiency for hot
electron generation could be obtained with targets optimized where SRS and two-plasmon-

decay instabilities become efficient. High conversion efficiencies (-50%) of incident laser
light to hot electrons might be possible.

A deeper understanding of the underlying physical processes as well as further modeling

and Nova experiments to better assess the possibilities are needed. However, 20 operation
my also pose some risk to NIF operations. For example, John Murray suggests a careful

examination of possible 2w reflections at the KDP interfaces as they may result in
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undesirable conditions at the turning mirrors or ghosts in the up-beam optics. From an
effects test view, this potential option opens up a different NIF operational scenario with
different optical components. However, the basic operational scenario would remain the

same. Distributed 2 targets would also be as far as 25 cm from the target chamber center
and NIF operation would also require 192 focusing and diffractive optic elements to be

inserted at the debris shield location. All issues of full energy 2w operation need to be
considered. '

V-9. Potential Test Scenarios

The original assessment assumed the use of 1o at about the maximum available energy
(assumed to be 3 MJ by detuning the KDP). John Murray indicated that this is a good
number to work with assuming a 6-8 ns pulse width. For 2@ operation, the KDP would

be detuned to maximize 20 operation and the available energy would be about 20-30%
less:

Test scenarios for either 1w or 2w operation would use multiple-target arrays of individual
sources. Some would be as far as 25 cm from the target chamber center (possibly further)
in a plane in front of a test object to increase the effective source solid angle. Beam steering
and focusing of 1w/2w to SRS dominated targets that are potentially away from target
chamber center would be with a diffractive opti¢ to be inserted in the replaceable debris
cassette behind the debris shield (in the final optics assembly). Thus, effects testing with
1w/2® would require the insertion of 192 diffractive optics, detuning the KDP crystals and
focusing to the distributed array.

There is a near-term need to evaluate the I and 20 options on NIF. A joint program to
evaluate 10,20 and 3@ produced hot-glectron bremsstrahlung sources is proposed
between LLNL and DSWA. Among the goals of the program are the following:

a) carefully evaluate the 1 option,

b) explore efficient hot electron production on Nova at 2 and 3.

c¢) look at target design enhancements for 1, 20, and 30,

d) answer questions on fielding, NIF operations, and risk to the laser,

e) perform a cost-performance-test utility tradeoff study for the three options.

It should be noted that interest in suprathermal-electron bremsstrahlung sources and 1®
operation is not limited to the NWET community. The need for more energetic backlighters
to permit imaging of the larger experimental packages that will be fielded on NIF has
compelled Weapons Physics experimenters to consider driving hot-electron backlighters
with several 1w beams.

V-10. Distributed Sources
1. Diffractive Optics

Since laser target x-ray sources can and will be made up of many individual sources, this
allows the consideration of sources to be distributed spatially and has significant payoff in
potential test capability. The biggest payoff is in the larger test areas of uniform fluence
compared to a point source of the same total energy. A coordinated program to look at
various source configurations has just begun in order to optimize distributed sources for
fluence uniformity and beam pointing/focusing considerations.
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>
Standard NIF focal spot at
target chamber center
NIF focal spot
> with diffractive

"W\ Diffractive optics plate (DOP) - optic

Figure 3. The effect we are seeking from our long-focal-length diffractive optic corrector lenses that
will shift the focal point of any NIF beam so that target-array sources can be fielded.

It is the responsibility of the NIF Design ‘to provide the basic capability of distributed
sources.” However, it is the effects community that must try to ensure that this capability is
protected in a usable, efficient, manner with minimum cost to implement. - The present
design of the Final Optical Assembly (FOA) and it components accomplishes these goals.
Due to risks to the laser system and final optics as determined by the NIF Project,
diffractive optics will be used for all laser wavelength steering and focusing to distributed
arrays. This technique for steering and focusing for NRSUG target arrays is to be
accomplished by a replaceable Diffractive Optic Plate (DOP).

The present design of the Final Optical Assemblies is shown in Figure 4. Included in the
design as subassemblies are a Final Optic Cell (FOC) and a replaceable debris shield
cassette. The FOC includes the frequency conversion crystals, the focus lens, and a space
for a diffractive optics plate. The NIF design will use a color separation grating in the FOC
to manage unconverted light. The FOC is considered a Line Replaceable Unit (LRU) for
NIF maintenance, thus its design will allow replacement within normal maintenance
procedures. However, it is not expected to require significant maintenance. The debris
shield will require periodic cleaning which will be a function of the shot history. The
debris shield system is designed as a line replaceable unit for weekly maintenance, with the
change out of all 192 units to occur in one work shift (8 hours). Thus inclusion of the
Diffractive Optic Plate in the debris shield cassette will allow ease of installation and
replacemént. The use of the color separation grating, its design and this technology
development for the NIF baseline are significant as they benefit the possible use of similar
optics for distributed sources. The timely utilization of this technology and design would
undoubtedly save resources and time from what would be required in the future to develop
the technology for distributed sources. The optimum time would be towards the end of
Title IT when the optics design team could devote time and resources to distributed source
issues. A individual diffractive optic plate is estimated to be about $20K, depending on its

complexity. Thus, a full complement for a distributed source array (200) is estimated to
cost $4M.

2. Apertures in the PAMs

A preliminary look at the beam steering angle and change of focus requirements of a 50 cm
square array with 25 evenly distributed targets has been performed. This study would
indicate that at the maximum beam steer considered of 25 cm from the target chamber
center, several of the beams of a quad (2x2 beam) appears to be clipped at the target
chamber port, thus an estimated quad energy loss of about 10%. To ‘not preclude’ beam
steering to 25 cm and to prevent laser damage and scattered light problems from laser light
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hitting inside the Final Optical
Assembly, provisions for an
aperture has been designed in the
Pre- Amplifier Module {P‘AM) The
present facility design will use only
48 PAMs (‘not to preclude’ 96)
which implies -that if one of the
beams in a 2x2 beamline niust be
apertured then all four beams will
be identically  apertured. The
implications of this limitation needs
further study and complete targeting
scenarios for.a variety of t&wci
arrays is being conducted.

Two operator- mmdmn@éabk
apertures are designed to be in the
PAM.  These will be in the beam

shaper ‘inside the PAM. One of

interchangeable apertures is 10 ‘not
preclude” beam steering to 25 cm.
The NIF Project has requemd that
the aperture bc specified in the Title
I design or a blank will be
installed. To install the ‘appropriate

aperture after the PAM is built and -
installed  will be . a somewhat

intensive .and expensive  effort.

Each PAM will need t¢'be removed -

from the NIF laser system, opened
in a Class 100 clean area. the new
aperture installed and the modified
PAM reinstafled in ‘the Laser
system. This is estimated to be a
time intensive, costly process, If
possible it is recommended that we
identify several distributed target
arrays, and the 1eqmred beam
f@cusnm “and steering, then use
this information to specify an
aperture set for the PAMx

V-11. Target Area

The Target Area and the
Conventional Systems encompass

the majority of the requested

changes in the NIF design to
accommodate  radiation  effects
testing. - The present design of the
Target Area and the Diagnostic
Support Building appears adequate
for large test object access and use.

Figute 5 shows a schematic of the -
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target chamber on its pedestal in the Target Area. The requests for the Target Area include
the following items:

Large access port on the Target Chamber,

Bottom access and lift capability to handle large and heavy (up to 15 ton) fixtures ,
Large shield door between the Target Area and the Diagnostic Support Building,
Increased floor strength in the Target Area to support conceptual “TOTIM’ (Test Object
Transport and Insertion Module), ‘

5. Shielded cable trays to support data acquisition for effects testing,

6. Adequate power near the effects test port to support the TOTIM functions.

-

The requirements to ‘not preclude’ these functions in‘the NIF design are specified in the
NIF Interface Control Document 4.1.16-1.2.2.1.  This document covers all aspects of the -
Defense Special Weapons Agency (DSWA) Test Object Transport Inserter Module
(TOTIM) experimental package WBS 4.1.16 support requirements, the assembly,
installation, maintenance and support equipment requirements WBS 1.8.6.4, the LTAB
facilities design WBS 1.2.2.1 and the Target Bay design WBS 1.8.4. The primary aspects
covered are hoisting, transportation pathways, door openings, structural loading, and
mechanical and signal interfaces in the Diagnostic Building and the Target Bay.
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VI-Distributed Source Array Design

There are significant advantages in spatially dispersing individual sources to increase the
fluence of source x-rays that reach the test object while maintaining test uniformity. In
some test scenarios, it may also be desirable to tailor the distribution of targets around the
test object to conform to the test object shape. For £10% fluence uniformity, analysis of a
simple square array with the targets at the four corners indicates an areal increase of 3.5
times over that from a simple point source of the same total energy as the array. Uniformly
distributing the targets (>16) over the source and illuminating all at the same time (to
maintain x-ray flux uniformity over
the pulse) could further increase the
test capability (10 times the

P ~4 uniformly illuminated area of a point

A =7 source). High aspect-ratio test

s d objects would permit even larger
v advantage to arrays.

However, the  fielding  and

1.7d : technology risks to implement

. distributed sources are greater than

Figure 1. The arca of uniform illumination of an for point sources. The limitations

due to beam geometries, unconverted
light management, diffractive-optic-
plate (DOP) development, and target
array manufacturability are not fully
known and need to be studied and/or
clarified. The management of
unconverted light to a target at or
near the target chamber center must
be considered in detail to demonstrate solutions and limitations. Clearly, the use of a
diffractive optic to provide large changes in beam steering and focusing will result in a
complex issue of beam targeting and source placement and the status of the ongoing
distributed source array design effort will be summarized.

array of sources is significantly larger than the area of
uniform illumination of a point source. The area of
uniform illumination (£10%) for a four-point square
a factor of 3.5 times larger than for a point source
with the same total energy.

VI-1. Design objectives

Beam steering will be complicated with large arrays as some laser beams (or unconverted
light) may be occluded by the test object, or illuminate the source support structure. Also,
the unconverted light from any beamline could potentially illuminate the laser optics of
another beamline causing damage. It has also been noted that large beam steering (to
sources as much as +25cm from the target chamber center would clip some of the beams at
the Final Optical Assembly port. Initial beam layout drawings with a #25cm target array
indicates that some quads would have about 10% of one beam occluded. This laser power
loss is considered acceptable as the increase in test capability with beam steering negates
this loss.. To ‘not preclude’ beam steering to 25 cm and to prevent laser damage and
scattered light problems from the laser hitting inside the FOA, the NIF Project has included
an operator controlled aperture in the PAM It should also be noted that in the present design
of the target insertion module, that there is clearance for only up to a 50 cm diameter rigid
distributed source array.
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On the basis of previous work on distributed arrays, the status of the NIF design and the

desired test environments, simple guidelines for the initial design of distributed sources can
be developed. These are the following:

1) consider baseline size of a +25cm target array,

2) due to target dynamics, power density requirements, the number of individual targets
will be 12-24,

3) 12, 16, or 24 individual targets implies 4,3 or 2 quads/targets

4) temporal stretching of x-ray pulses may be achieved by sequential delays in driving
closely-spaced multiple sources at roughly the same location in the array,

5) individual targets may require a minimum spacing of order 1 cm to eliminate fratricide
effects,

6) light weight, low-Z support structure will be needed to minimize debris,

7) if at all possible, design special optics to accommodate multiple source arrays.

VI-2. X-ray Source Laser Energy, Power & Targeting Réquirements

The primary candidates for x-ray sources in the 3-15 keV range are underdense radiators
due to their high efficiency. However, for hv < 3-5 keV, discs sources will also be
considered. Our understanding of discs and/or underdense targets can be used to develop
guidelines for target focusing, power, target sizes and numbers of targets. Estimates of the
laser parameters to targets will be based on the nominal NIF operation at 500 TW power

for 3w to target with a best focus of 500 micron spot size. Therefore, each quad would
deliver about 10 TW of laser power. At nominal power and 500 micron spot, the incident

laser intensity of a single beam would be 1.3x10" watts/cm® and a quad would be about
5.2x10" watts/cm?®. :

Although useful individual x-ray source capability has already been demonstrated by Nova
experiments and Lasnex modeling, the design of laser-driven x-ray sources is the subject of
active research. Any detailed values of laser-drive parameters and source definition are
subject to reevaluation.

It is assumed that these sources require a minimum incident laser intensity to develop the
hot plasma conditions and a minimum power density requirement to maintain the emitting
plasma volume. Our current best estimates of discs and/or underdense targets implies
optimization of the x-ray output in the region of 1-5 keV with beam intensities of
approximately 5x10'* watts/cm® and power densities of about 10'* watts/cm’. For the
production of 5-15 keV X-ray sources, the power and energy deposition requirements to
produce efficient sources are approximately an order of magnitude larger than for sources
emitting between 1-5 keV. The laser beam intensity requirement is approximately
5x 10" watts/cm® and the power density requirement is approximately 10'® watts/cm’.

Assumption of the required incident beam intensity and the laser parameters allows
estimates of the spot size requirements. The required plasma power density and the choice
of 2, 3 or 4 quads per target determines the possible number of targets and an estimate of
the target diameter. These results are shown in Table 1. For sources emitting in 1-5 keV,
an individual laser beam (one of a quad) at a spot size of 810 microns is needed. Thus,
each beam of a quad needs to be targeted separately from other beams. This is not the case
for higher photon energy sources. The 5-15 keV sources require all four beams of a quad
coincident onto the target to produce the currently-required beam intensity.
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X-ray Beam Power Spot Power/ # of Target
Source | Intensity Densitg Size* Target Targets | Diameter
(keV) | (W/em?) | W/em (m) (TW) (mm)
10.4 (1 quad) 48 2.76
1-5 5x10" ~10" | 810/beam | 20.8 (2 quads) 24 3.5
' 31.2 (3 quads) 16 4.0
5-15 5x10" ~10™ 515/quad | 31.2 (3 quads) 16 1.87
41.6 (4 quads) 12 2.04
>25 5x10"™ 515/quad | 31.2 (3 quads) 16 ~2-4

*Converging focus onto target is desirable.

Table 1: Ballpark Estimates of Laser Plasma Radiation Source Parameters

1. Sources with photon energies 1-5 keV

From these general assumptions for source parameters, laser aiming, focusing & firing
sequence requirements can be developed. Note that the NIF laser of 192 laser beams or 48
quads enter the target chamber in quasi-spherical symmetry. The target array is in general a
plane array, thus the symmetry leads to possible targeting solutions with the number of
targets to be the number of beams or quads divisible by four; i.e. 48, 24, 16, 12, or 8. As
can be seen from Table I, for 1-5 keV sources, the required power density can be met with
1, 2 or 3 quads (4, 8 or 12 beams) to a target, implying the possibility of 48, 24 or 16
targets, respectively. Consider the case of 20.8 TW per target, which would have 24

targets. Assuming NIF 3w laser operation at 1.8 MJ, then each -target will have 8
individual beams incident each with a spot size of order 810 microns to get the required
beam intensity of 5x10' watts/cm’.

Different target designs will lead to different targeting limitations. Four types of targets for
the 1-5 keV range are presently envisioned. These are discs, gas/plasma filled low-Z cans,
gas-bags, or gas/plasma plumes. The targeting of gas-filled low-Z cans is restricted by the
limitations of the number and location of laser entrance holes and the desire to
volumetrically pump the plasma.

Two quads per target would imply the possibility of 24 targets with about 75 kJ per target.
A possible targeting sequence would be four targets being illuminated at one time, with the
successive targets being illuminated in groups of four at time intervals of equal to the
individual source x-ray pulse width. Thus, for 24 targets, there could be up to 6 firing
sequences that would give an effective X-ray pulse width of greater than 18-22 ns
(assuming 3-4 ns/target). This assumes that all beams from a quad illuminate a target or
targets at the same time. For the case of 3 Quads/target implies there can be 16 targets and
the energy per target is 112.5 kJ. This gives the possibility of 4 targets per firing

sequence, for a total of 4 firing sequences and a potential X-ray pulse width around
12-14 ns. '

2. Sources with photon energies 5-15 keV
As can be seen from Table 1, for 5-15 keV sources, the nominally-required power density

can be met with 3 or 4 quads to a target, implying the possibility of 16 or 12 targets,
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respectively (@ 1.8 MJ, 3w, 3.6 ns pulse width) which is 112.5 - 150 kJ/target. Consider
the case of 41.6 TW per target with 12 targets. The projected targeting for 5-15 keV is
different than for 24 targets with the 1-5 keV sources discussed above. To meet the beam
intensity requirements implies all four beams of a quad are coincident onto each target, then
each target will have 2 or 3 targeting locations W1th a spot size of order 515 microns to be
subjected to the required beam intensity of 5x 10" watts/cm’.

Again, different target designs will lead to different targeting limitations. Three types of
targets for the 5-15 keV range are envisioned; gas/plasma filled low-Z cans, gas-bags, or
gas/plasma plumes. The targeting of gas/plasma filled low-Z cans is much less restricted
than for the lower energy sources as the number of LEHs required is 2 or 3. For all of the
targets there is the desire for uniform volume excitation.

3. Greater than 25 keV Sources

For the purposes of this discussion, it will be assumed that non-ignition sources producing
photons of energy >25 keV will require 1o to targets. It is assumed in Table 1 that the
required incident beam intensity is 5x10" watts/cm®. As with 5-15 keV sources, to meet
this required beam intensity implies all four beams of a quad are co-incident onto each
target (4 MJ, 8 ns pulse width), then each target will have 2 or 3 targeting locations with a
spot size of order 515 microns. These targets will be similar to standard hohlraums with
high-Z walls to enhance bremsstrahlung output.

VI-3. Array Design Status

The design status of potential target arrays for weapons effects testing is in its infancy. . The
design objectives at this point are the identification of sample array designs from estimates
of target sizes and beam focusing requirements. Key to the implementation of distributed
sources is the development of techniques to determine targeting scenarios with which to
ensure that the laser energy can illuminate the test object, and that the energy (to include the
unconverted light) does not illuminate the test object, the source support structure, or laser
optics of other beams. These techniques and design tools to develop and analyze posmble
target array configurations are under development.

Four possible distributed array configurations are being considered. These are:

a) 24 evenly spaced targets in approximately a square;

b) targets evenly spaced over a 1 meter x 0.3 meter triangular test object;

¢) 3.4 or 6 targets grouped in four evenly spaced corners to permit extending the duration
of the total x-ray pulse to multiples of the duration of a single pulse, or; '
d) 12-24 targets evenly spaced in a circle over the test object.

To exercise our design capabilities, we have settled first on array c) in this list. This array
is illustrated in figure 2. It was noted that in the current NIF design requirements it
specifies ‘not to preclude’ +25 cm targets. Some test objects may require larger beam
steering and focusing. Also it should be noted that the limits of operator controlled beam
steering and focusing will be about +3-5 cm. The limits of operator control will impact the
number and type of optics needed. It is of interest to develop diffractive optic sets that will
maintain maximum flexibility (for different distributed source geometries). More complex
array geometries such as the large RV shape will be explored following the successful
design of the simple array and the exercise of the design tool suite.
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As discussed above, targeting requirements
allows consideration of 2, 3 or 4 Quads incident
on a single component of a target array. For each
of the different configurations, the nominal target
spacing can be specified. Targeting array elements
far from target chamber center may require
crisscrossing beams within a quad. In normal
operations, they would be directed at the same
point. This introduces additional operational
challenges . '

We began constructing a software modeling tool
for analyzing the distribution of the laser light
inside the NIF target chamber from the viewpoint
of NWET applications. Our software package 1s
being written in the IDL language and relies
heavily on the package being developed for the
light analysis for the normal NIF operation
Although there are conceptual similarities in the
two cases, there are many significant differences.
Some of these are: a) use of the color separation
grating (CSG) as opposed to the Fresnel lens for
redistributing the laser light, b) large focal spot
offsets (up to ~ Im) in the NWET case as
compared to relatively small (~3-5 cm primarily
tor backlighting) in the ICF and Weapons Physics

© QDV-99-0001

50cm

v

~a
~3-5cm - _

Figure 2. Preliminary target array for
which we are going through the exercise
of integrating into the NIF target
chamber. It is this target array that we
will use to test the softwarc and the
procedures that we are developing.

5 / Distributed

~1m  focal spots

¥

Figure 3. With beam crisscrossing
within a given quad (set of four
beams) , focal spots shifts of
approximately 80 cm are possible
with the current Final Optics
Assembly (FOA) configuration.

DSWA Final Report

cases. The distribution of focal spots in the case of
an off-axis Fresnel lens combined with the main
focus lens (NWET) is very different from the
distribution of the focal spots for a CSG combined
with the focus lens. This necessitates a significant
modification to the unconverted light modeling and
visualization (ULMV) package being developed for
ICF configurations of NIF. We have begun the
construction of a modified software package for
analyzing the light distribution in the NWET
configurations. This package will help us analyze the
distribution of the focal spots in the target chamber
center and also the distribution of the unconverted
light at the opposite chamber wall. We will be able to
answer questions like - is the light entering an
opposing port? - is the light clearing the Final Optics
Assembly, the target assembly and the test object?
This work is essential to develop a diffractive optic"
design for the full 192 beam system that will achieve
the required .focal spot distribution for the NWET
experimental configurations.
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VI-4. Diffractive Optics / Fresnel Lens Development

The software development effort is complemented with an optical éngineering analysis of
the assessment of the Fresnel lens requirenients for moving the focal spots by distances
approaching | meter. Preliminary assessment indicates that the required Fresnel lens focal
lengths are in the range of 200-500 m. We have begun an assessment of the technology

development required for fabrication
of the NWET Fresnel corrector
lenses.

In addition w the optical analysis of
the  Fresnel -lens srequirements, we
~also "ridugtcd a pmiimimrz,
Vevall

di%mbu& the mml »pgtx over a
, _meter arca. n ar the t&wet ahambu

focal spoia over a_ meter - if one
“erisscrosses’ the four beams within

<

with a specific layout ‘will be carried
out -once the sc;ftware pacmwe is
developed

Figure 4. Example of a high-cificiency * grating
etched in fused Silica The grating pmmj of this
samiple is 350 nm and the grating de pih is 600 nm

- The: bzz t Fresnel lenaex fabrzcatnd 80

far are about 2-¢m in diameter and

: © have 92% focusing efficiency, It is

in our estimation that xwmficam mghxmmw dex'elopmam is required to Tabricate corrector
Fresnel lenses for effectx test apphcanom To achieve high efficiency, the phase profile
within each zone has to be fabricated either 48 a continuous blaze or as 4 -discretized
structure with ‘at least 16 levels within each zone. LLNL is beginning a technology
development program for fabri
NIF. Theirexperience with fabrication Lxrﬂc arca diffractive optics (kinoform phase plates
for Nova (65 cm diameter) and Beaml
the technology to successfully fabrica

stich lenses for use on the NIF.

The 1ec,hnolocr} development ;}mcrmm consists -of first- dem{}mmung a 16-level Fresnel
lens in fused silica at about 6" diameter using four binary masks. and wet “etching.
Following this demonstration. the technology would need to be scaled-up for fabricating a
full-aperture Fresnel lens in FY99. In parallel to this development effort, there is the idb}\
of developing distributed source layout designs. Based on the actual focal lengths and
offsets needed for potential distributed source designs, a set of Fresnel lenses wmzid be

fabricated for fielding on the NIF at the time of the f:rst bundle activation.

DSWA Final Report - 44 -

d quad. A ‘more detailed analysis

ation large aperture corrector Fresnel lenses for use-on ﬁk -

(56 om diagonal)) should enable them to develop .




NWET ANNUAL REPORT QDV-99-0001

VII-NIF Construction, Startup, and NRSUG Plans

VII-1. Construction

Construction at the NIF site began in the middle of 1997. There were a several curve balls
served up by fate: 1) the unearthing of some old, undocumented, buried capacitors, 2)
finding mammoth bones late in the year that turned part of the NIF site into an archeological
excavation, and 3) the non-stop El Nino rains that led to the hiring of a construction
consultant firm from Seattle to learn how to work under such conditions. Amazingly
enough, there was only a minor perturbation to the overall schedule. The site as it looked

at the depths of the excavation in April 1998 is shown in the aerial photograph shown in
fig. 1.

Figure 1. The NIF construction  site on April 20, 1998

VIl-2. Startup

The NIF will be built and activated in stages. It is designed as a modular 192 laser-beam
facility. There are two laser bays as shown in figure 2. One set of eight beams (two
quads) will initially be activated as indicated. At full power, these two quads will provide
approximately twice the energy in blue light as does Nova and will give all experimentalists
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Early beam bundle - Avalilable for
Target Chamber “target shooter” “target shooting” Available for
“target shooting”
Switchyard Instalied g g Installed
Laser Bay #1. Laser Bay #2
T
) V.
L
\
Capacitor
Bay
End of FY01 ' End of FY02 End of FY03

7] Installation/construction activity area

. Figure 2. NIF’s modular design permits initial experiments to be performed early in the construction.

an opportunity to continue work at LLNL and to learn how to use NIF (it will be very

different from Nova from an operational standpoint). Construction of additional beams
will proceed in the other '

laser bay. Following
construction and checkout
of the new constructed beam

Single bundte shots/mo 4 0 15 %6 20 26 25 30 30 30 40 & 60 60 60 8O 80
bundles, they Wlll be made Fult avaliable energy shote/mo 4 4 & 8 8 10 10 {0 15 ¥6 20 20 26 26 25
available to experiments at a
- rate that is plotted in figure o NIF Project
3. This shows the projected g e °
available laser energy as a B e
function of time. The NIF g
Project will be complete 8

when all laser beams will

have been installed. .
Qualification of the last laser “
beams will then be the "‘L'ff...?ﬂ‘."—
responsibility  of  NIF Capenitty © -
Operations and not the

Project.

: Figure 3. Plot of projected available NIF energy vs. time from startup to
VII-3. Plans full power.

The radiation effects testing
community through the NIF
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Radiation Sciences Users Group (NRSUG) has been working with the Defense Special
Weapons Agency to formulate a plan to serve as a guide for future funding needs and to
present to the NIF Project and DOE as the milestones that need to be met on the way to
providing a meaningful radiation effects testing capability at the National Ignition Facility.
This plan has been briefed to and approved by the highest administrative levels within the
DSWA in late 1997. It is anticipated that the radiation effects testing community will be

using 7.5% of NIF shots per year commencing with the first bundle of NIF.

# Goal Testable Suggested
Objects Intermediate
Demonstration Goal
FYO0S, 1-2keV Blackbody (equiv.) Optical 1,000 cal
I ~1 calem? - 3,000 cm?, Components, | 1 cal/cm?, 1,000 cm’
Clean | Clean,+ 10% umformlty Assemblies
Cold
FYO05, -2 keV Blackbody (equiv.) | Strategic
n >20 cal/cm® - 2,000 cm?, Materials 2,000 cal
High |+ 10% uniformity, >20 cal/cm?, 100 cm’
Fluence
Cold
FY06, 3-4 keV Blackbody (equiv.) Strategic
III 5 cal/em? - 1,000 cm?® Materials, 250 cal
Medium | £ 10% uniformity Structures 5 cal/cm®, 50 cm®
Fluence
Cool
FY04, 15-20 keV Blackbody | Electronic for ,
v (equiv.) interceptors 1 krad(Si1), 1,000 cm”
Hot | 20 krads(Si) - 10,000 cm? and RVs '
< 10 ns pulsewidth
FY09, 10 keV Blackbody (equiv.) Strategic '
| 4 with Ignition >1 MJ >10 keV Materials, 10 M1 yield from
Ignition:. | 100 krads(Sx) - 10,000 cm? Strructures, SLIC seeded capsule
Warm- Components :
to-hot

Table 1. NRSUG-DSWA defined radiation effects testing goals for NIF. This is the status of the goals
at the end of 1997.

The required research, development and engineering activities are extensive. Some are of
common interest with other potential NIF users, others are unique to this commumty The
draft plan for NWET activities until the completion of NIF are presented in table 2 on the
‘next page. These plans w1ll continue to evolve as more information about NIF operation is
developed.
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VIll-Non-Ignition X-ray Source Fluence-Area Products
for Nuclear Weapons Effects Testing on NIF |

Vili-1. Introduction

A major feature of the National Ignition Facility is that its 192 beams can drive arrays
of laser-driven x-ray sources. The ability to allow beam steering up to 50 cm away from
target-chamber center has not been precluded in the NIF design. Indeed, a
multidisciplinary team of physicists and engineers supported by DSWA has been studying
the issues surrounding facilitization of such target arrays at NIF starting in late FY97. It is
of interest to update projections of the capabilities of these target arrays. The fluence-area
product of an array will depend on a number of factors such as the total energy available to
drive the targets, the efficiency of the laser-driven production of x-rays, the attenuation of
debris mitigation and the solid angle subtended with the required uniformity of fluence.

The fluence-area product for NIF can be expressed
FxA = ENIF X IJ.XTXAQ
where Eyr is the NIF energy that can be coupled to the sources, L is the source efficiency
per steradian (source efficiency/solid angle), T is the debris shield transmission and AQ is

the solid angle that can be collected from an individual source and still have the requisite
uniformity (for purposes of this discussion, we will use ilO%).

VIll-2. Components of the Fluence x Area Product Formula

‘1. Usable NIF energy, Enir: § o e s e

NIF's usable energy depends on the target
type and pulse length. If the targets are thick
slabs, then we assume that only 1/2 of NIF will
be usable since x rays produced by the other half
of NIF would be seen by the test object. With
underdense sources, which are more like
isotropic sources, we assume that all NIF beams
might be used.

The usable energy also depends on the
pulse shape. In previous estimates we always
assumed that NIF is a 1.8 MIJ, 500-600 TW D g ooy e e e e
laser, producing a pulse length of ~3 ns. Figure Q 5 1 15 .
1 is a more recent, better estimate of NIF energy Pulse kenath ins)
vs. pulse length (ref. 1). The performance
ranges from 0.85 MJ in 1 ns to 2 MJ in 3 ns 10 Figure 1. Unofficial, 1996 estimate of
over 3 MJ in 10 ns. These latest estimates of  NIF energy vs. pulse duration for red and
NIF fluence area products consider this blue light (ref. 1).
performance.

24 o Unofficinl Estmate -
of Peak NIF Enerqy
. ) . T S

k —— Blug-Jin

Poak NIF Laser Energy (MJ)
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2. Source efficiency per steradian, fL:

In projecting NIF fluence-area products we consider three types of sources:
demonstrated discs, demonstrated gas bags and predicted NIF sources. The demonstrated
discs and gas bags are from Nova experiments and are described in ref. 2 (see appendix).
There are four demonstrated sources of interest:

1) Au disc radiating 0-1 keV photons. The total conversion efficiency is ~70%. The
radiation from the disc goes into approximately 27 steradians, SO gisc iS ~11%/sr.

2) Au disc producing M-band radiation (2-3 keV) at ~15% efficiency. This is a 2
source, so U~2.4%/sr.

3) Xe-gas-bag M-shell radiation (1-2 keV). Approximately 25% efﬁcwncy into 4 ®. For
this source n~2%/sr .

4) Xe-gas bag L-shell radiation. (4-7 keV); ~8% efficiency into 4 1. u~0.6%/sr. All these
measurements were made on targets irradiated with 1 ns pulses.

Predicted multi-keV source efficiencies for NIF come from 2-D LASNEX modeling. As
described in ref. 4, 2D design of NIF multi-keV sources has focused on two types of
underdense sources; gas columns and tamped sources (Be cans filled with a low density
mid-Z material). Because a gas column is, by definition, heated by only one of NIF's
beams, it is restricted to ~10 TW maximum power. Tamped sources remove this power

restriction since they allow several beams to be fired into a target. Tamped source designs
exist up to 60 TW.

. Xenon gas columns have been modeled with 2 and 3 ns pulses. Our 3 ns simulations

indicate that about 18% of the laser energy will be converted into L-shell radiation (>4 keV)
and about 45% into M-shell emission (1-2 keV) and 65% into radiation at all energies. We
have also modeled gas columns of other materials (such as Fe and Ge) which produce
higher photon energy radiation. This work shows that at higher photon energies, gas
columns are not as efficient as tamped sources, at least for pulse lengths of 2 ns. Moreover,
since tamped sources are amenable to NOVA expenmcnts our design work on column
sources has been limited.

With the tamped source we have investigated a wide variety of source materials. We
have evaluated these sources at power levels between 20 and 60 TW; well within NIF's
500-750 TW capabilities. This design work has been done only for pulse lengths of 2 ns.
(Longer pulse design work has been deferred in favor of supporting Nova proof-of-
principle experiments that are 2 ns duration.)

Our predicted performance for the tamped sources in summarized in table 1 below:

element | Laser power | fraction of laser energy > hv (keV)
Kr 60 TW 4%>13 keV 30%>2 keV
Ge 60 TW 14%>10 | 26%>2
Ge 50TW 10%>10 26%>2
Ge 30TW 7%>10 20%>2
Cu 40 TW 11%>8.5 26%>2
Cu 30TW 10%>8.5 249>2
Dy 60 TW 9%>8 24%>2
Xe 60 TW 30%>4 48%>1
Xe S0 TW 26%>4 48%>1
Xe 30TW 22%>4 40%>1
Xe 20TW 17%>4 37%>1
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Table 1. Predicted performance for tamped-source targets taken from ref. 4. These targets are
approximately isotropic sources. The source efficiency per steradian, W, is found by dividing the above
efficiencies by 4_.

3. Debris shield transmission, T:

For this work we assume no debris shield attenuation. For photons >4 keV, this
should be a fair assumption. At lower photon energies, it is incorrect.

4. Solid angle, AQ for £10% uniformity:

A constraint of £10% uniformity on the experimental object limits the solid angle we
can usefully collect from each source. For an isotropic point source this solid angle is 0.45
sr. For four, appropriately distributed isotropic sources, the solid angle we can utilize from
each source rises to 1.6 sr. For 25 appropriately distributed, isotropic sources it is 4.5 sr.
In the limit of an infinite number of isotropic point sources distributed on a plane, the solid

angle would be 27 sr.
VIII-3. Estimated Fluence x Area products:

Table 2 lists fluence area products (in calories) using experimentally demonstrated
efficiencies and various fielding, pulse length scenarios. The upper part of this table is the
most conservative estimate we can make, assuming 1 ns pulse length as was used on the
Nova experiments. This is a "guaranteed” minimum performance. Sections of this table
list performance assuming targets irradiated at 2, 3 and 6 ns have the same efficiency as
those irradiated at 1 ns. Assuming this to be true to 3 ns is probably reasonable; assuming it
to be true at 6 ns is somewhat speculative. Thus, using demonstrated-on-NovA efficiencies
and a large number of sources, we project, with reasonable confidence, fluence area
products of ~90,000-120,000 calories in the 0-1 keV range; 32,000-43,000 calories in the
1-2 keV range; 19,000-26,000 calories in the 2-3 keV range; and 10,000-13,000 calories in
the 4-7 keV range. More speculative are the 6 ns estimates of ~180,000 calories, 64,000
calories, 39,000 calories and 19,000 calories in the same spectral ranges.

Table 3 lists fluence area products (in calories) using efficiencies found in 2D LASNEX
design simulations of tamped targets. The single point and four point sources assumed that
at least 60 TW per source would be available. The 25-point source column assumed
20-30 TW per source would be available (The NIF of ref. | can drive 25 sources at 30
TW/source for 2 ns; 27 TW/source for 3 ns; 20 TW/source for 6 ns).

The upper section of table 3 assumes the sources will only work for 2 ns. The central
section of table 3 assumes that sources. can be designed for 3 ns that have the same
efficiency as the 2 ns sources. This is probably a fair assumption. The lower part of table 3
assumes that sources can be designed for 6 ns pulses that have the same efficiency as the 2
ns sources. This is speculative.

Table 3 suggests that we can reasonably hope to have sizable fluence area products in
the multi-keV regime. Up to ~38,000 calories in 4-7 keV; ~12,000 calories around 10 keV,

dropping to ~2400 calories at 13 keV. More speculative are the 6 ns predictions of

~44,000 calories, 18,000 calories and 3600 calories in the same spectral regions.

Table 4 shows the projected performance from arrays of Xe gas columns irradiated
with ~10 TW single NIF beams. Targets such as these may lead to fluence area products of
~30,000 to 45,000 calories in the 4-7 keV range and 77,000 to 116,000 calories in the

-1-2 keV range.
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FxA products using experimentally demonstrated efficiencies
i i

Assuming the 1ns pulse length used in the Nova experiments

souce ~ hv range = eff/sr  Usable NIF MJ 1pt (cal) | 4pt (cal) | 25pt (cal)
Audisc = 0-1keV | 0.11 , 0.425 i 5033 17895 50329
XebagM . 1-2keV 0.02 , 0.85 . 1830 6507 18301
AudiscM  2-3keV 0.024 0.425 . 1098 3904 10981
XebagL ~  4-7keV 0.006 0.85 549 1952 5490

t
)
|

Assuming targets have the same efficiency at a 2ns puls'e length

souce  hv range = eff/sr  Usable NIF MJ 1ipt (cal) | 4pt (cal) i 25pt (cal)
Au disc ) 0-1keV 0.11 0.75 ) 8882 315679 88816
XebagM | 1-2keV | 0.02 1.5 . 3230 11483 32297
AudiscM  2-3keV 0.024 . 0.75 ) 1938 6890 19378
XebagL = 4-7keV 0.006 1.5 ) 969 3445 9689

Assuming targets have the same efficiency at a 3ns pulse length

souce . hv range . eff/sr Usable NIF MJ 1pt (cal) | 4pt (cal) | 26pt (cal)
Audisc ~  0-1tkeV 0.11 1 11842 42105 118421
XebagM 1-2keV 0.02 2 4306 15311 43062
AudiscM | 2-3keV | 0.024 1 2584 9187 25837
Xebagl 4-7keV 0.006 2 1292 4593 12919

Assuming targets have the same efficiency at a 6ns puise length

souce  hv range  eff/sr Usable NIF MJ 1pt (cal) | 4pt (cal) | 25pt (cal)
Audisc . 0O-1keV | 0.11 . 1.5 . 17763 . 63158 177632
XebagM  1-2keV 0.02 3 . 6459 22967 64593
AudiscM  2-3keV  0.024 1.5 . 3876 13780 38756
Xebag L 4-7keV 0.006 3 1938 6890 19378

Table 2. Predicted NIF Fluence-Area products for various pulse durations using experimentally measured
efficiencies for conversion of laser light to x rays.
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Projected NIF FxA products using 2D Lasnex efficiencies

Be tamped mid Z filled targets , |
Assume 2ns source and 2ns efficiencies
source . hv range = eff per steradian  Usable 1pt (cal) | 4pt (cal)25pt (cal
_ .at 60TW  at 30TW NIF MJ. :
tamped Xe >1keV . 0.038 0.0318 = 1.5 | 6136 21818 |, 513582
tampedXelL  4-7KeV  0.024  0.0175 1.5 3876 13780 _ 28260
tamped Dy >2keV  0.0191 1.6 3084 | 10967
tamped Dy L  ~8keV  0.0071 1.5 1147 i 4077
tamped Cu >2keV  0.0207  0.0191 _ 1.5 3343 11885 30843
tamped Cu K ~9keV ~ 0.0088  0.008 1.5 1413 | 5024 12919
tamped Ge s2keV  0.0207  0.016 . 1.5 3343 | 11885 _ 25837
tampedGeK  ~10keV  0.0111 . 0.0056 1.5 . 1792 | 6373 . 9043
tamped Kr ~ >2keV 0.024 1.5 3876 | 13780
tamped Kr L ~13keV . 0.0032 1.5 514 1 1826

Assume 3ns source with 2ns efficiencies

source _ hv range _ eff per steradian Usable 1pt (cal) | 4pt (cal)25pt (cal
A at 60TW at 30TW NIF MJ ,
tampedXe . >lkeV . 0.038 . 0.0318 . 2 8182 29091 , 68469
tampedXelL . 4-7keV . 0.024 = 0.0175 2 5167 18373 | 37679
tampedDy >2keV  0.0191 o2 a112 14622
tamped Dy L ~8eV  0.0071 2 1529 5435 |
tampedCu  >2keV  0.0207  0.0191 2 4457 15847 : 41124
tamped CuK ~gkeV  0.0088  0.008 2 1884 6699 | 17225
tampedGe . >2keV . 0.0207. 0.016 . 2 4457 15847 : 34450
tampedGeK  ~10keV _ 0.0111  0.0066 . 2 2390 8498 | 12057
tamped Kr . >2keV . 0.024 2 . 5167 18373
tamped KrL. . ~13keV  0.0032 ) 2 . 685 ) 2434 ;

Assume 6ns source with 2ns efficiencies g
source ~ hv range eff per steradian  Usable 1pt (cal) | 4pt (cal)R5pt (cal

. at 60TW at 30TW _NIF MJ.
tampedXe . >1keV . 0.038 . 0.0294 3 . 12273 43636 94952
tampedXelL . 4-7keV . 0.024 . 0.0135 3 7751 27560 | 43600
tampedDy >2keV  0.0191 3 6169 21933
tampedDyL ~8eV  0.0071 3 2293 8153
tampedCu  >2keV  0.0207  0.0191 3 6685 23770 61687
tampedCuK  ~9keV  0.0088  0.008 3 2826 10048 | 25837
tampedGe >2keV . 0.0207 . 0.016 3 6685 23770 | 51675
tampedGeK . ~10keV  0.0111 . 0.0056 3 3585 12746 | 18086
tamped Kr . >2keV . 0.024 © 3 . 7751 27560
tamped Kr L - -~13keV ' 0.0082° . ) 1027 3652

Table 3. Predicted NIF Fluence-Area products for Be-tamped sources for various pulse durations using
calculated efficiencies for conversion of laser light to x rays.
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Projected NIF FxA products using 2D Lasnex efficiencies

Xe gas column source

Assuming 3ns pulée and 3ns efficiencies

souce - hv range : eff/sr [Usable NIF MJ 1pt (cal)  4pt (cal) 25pt (cal)
Xegascolumn, ftotal rad ~ 0.052 2 11196 ° 39809 111962
| Xe gas column >tkeV ~ 0.036 2 . 7751 - 27560 77512
Xegascolumn ~ 4-7keV  0.014 2 . 3014 10718 30144

]
'
i

i

Assuming 6ns pulse with .3ns efficiencies

souce : hv range _ eff/sr [Usable NIF MJ 1pt (cal) : 4pt (cal) 25pt (cal)
Xegascolumn: total rad - 0.052 | 3 . 16794 ( 597183 . 167943
Xe gas column - >tkeV i 0.036 , 3 . 11627 ¢ 41340 116268
Xegascolumn. 4-7keV . 0.014 | 3 4522 | 16077 45215

Table 4. Predicted NIF Fluence-Area products for xenon gas column sources for various pulse durations
using calculated efficiencies for conversion of laser light to x rays.
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Abstract. A preliminary demonstration of free-space electric power transmission has been conducted using non-coherent
laser diode arrays as the transmitter and standard silicon photovoltaic cell arrays as the receiver. The transmitter assembly
used a high-power-density array of infrared laser diode bars, water cooled via integrated microchannel heat sinks and
focused by cylindrical microlenses. The diode array composite beam was refocused by a parabolic mirror over a 10 meter
path, and received on a ~15 x 25 cm panel of thinned single crystal high efficiency silicon solar cells. The maximum cell
output obtained was several waits, and the cell output was used to drive a small motor. Due to operating constraints and
unexpected effects, particularly the high nonuniformity of the output beam, both the distance and total received power in
this demonstration were modest. However, the existing transmitter is capable of supplying several hundred watts of light
output, with a projected received electric power in excess of 200 watts. The source radiance is approximately 5 x 10°
W/m?-steradian. With the existing 20 cm aperture, useful power transmission over ranges to ~100 meters should be
achievable with a DC to DC efficiency of greater than 10%. Non-coherent sources of this type are readily scalable to
powers of tens of kilowatts, and with larger apertures can be used directly for power transmission up to several kilometers.
Future non-coherent diode laser sources may be suitable for power transmission over hundreds of kilometers. Also, the
experience gained with non-coherent arrays will be directly applicable to power beaming systems using coherent diode
arrays or other array-type laser sources.

INTRODUCTION

Wireless power transmission by laser has been proposed repeatedly, e.g., (Landis, 1994). The primary advantage of
coherent laser power transmission over microwave transmission is that the laser wavelength is much shorter, so
longer ranges can be achieved with smaller transmit and receive apertures. Unfortunately, the high cost, low
electrical efficiency, and limited selection of wavelengths of coherent laser sources has prevented their use in any
practical application, or even realistic demonstration, of power transmission.

However, laser power transmission also has other advantages over microwaves:
e Photovoltaic receivers may already exist on the desired platform, or may be easier to incorporate than rectennas

e Optical power can be transmitted where RF cannot: in RF-sensitive environments, through small apertures
(including optical fibers), through RF shields, etc.

e Optical power can be concentrated to very high power density at a receiver

If the requirement for coherence is relaxed, high-power laser diode arrays can provide arbitrary optical power at
efficiencies of 40 to 50%, and wavelengths nearly ideally matched to both Si and GaAs photovoltaic cells, at
"comparatively low cost.

With the development of densely-packed laser diode arrays and microlens focusing (1- or 2-dimensional lenses
mounted directly in front of individual laser diodes) the radiance (power per unit area per unit solid angle) available
from noncoherent diode arrays has reached ~10'" W/m?-sr, three to four orders of magnitude higher than non-laser
sources such as high pressure arc lamps. This is sufficient for selected power beaming applications, including laser-
powered experimental aircraft and power transmission between co-orbiting spacecraft. Foreseeable technical




improvements’ can provide noncoherent radiances in excess of 10" W/mP-sr, which is sufficient for power
transmission to or from low Earth m*blt

To gain.an understanding of the posszbﬂmes and d:fﬁeuhxes of non-coherent laser power transmission, the authors
aftempted to assemble a-small, short-range power beansing system using available hardware. To our knowledge, this
is the first demonstration of free-space power transmission using an noncoherent laser diode source.

LASER SOURCE

laser medta These arrays are descr ibezi in detaﬂ in (Bcash 1990) The array useéd cmnmstﬁd of 25 mé‘mduat
“wafers”; each 0.1 x 1 x 1.5 cm wafer having a laser diode bar-along one edge and a set of water cooling channels.
The wafers are stacked between metal end blocks which provide both electrical contuicts and water inlet and outlet
connections. g

The diode bars, fabricated by LLNL, produce approximately 25 watts CW, with an output dwer%me of. nominally,
0.1 x | radians (Figure 2a). The c¢ylindrical microlens converges this beam on the “wide™ Axis to produce an output
beam with divergence nommaHy G 1 x 0,01 radians (Figure Zb)

The assembly used for this- expmmmt was built 1o pump a high average p{)wer solid stats lmer {Comaskey, 1992)
and had previously been measured to operate at up o 578 walts at an apétating pm)}t of 60 A and 43.1.V, for an
efficiency (DC to optical power) of 22.4% {Mﬂnh&}i 1997). Similar arrdys operate at efficiencies as high as45 -
50%. In this cxpenmum the Source was npe:ra{cd ﬁ“om a mgy] t&d DC power suppiy ata mammum voltage: of 44

A 20'¢cm diameter parabolic mzrrm
receiving array. Since'in the “wide' dimtmn 0‘{ thc, array, m ouiput was mpmxzmately 10, thc ba,am nearly ﬁﬁed

"FIGURE 1. Laser
_ Assernbly
the mirror in one direction with the array located neéar the focal point. The beam illuminating the mirtor was
significantly narrower in the ‘other dimension; a future experiment could use an anamorphic optic to divetge the
beam in the “narrow™ direction to fill’ (and thus efficiently use) the mirror,

! An array of single mode dxffncmn;hm;md sources ha§ oneaxis radiance P/A2, where Pis the powgrofa smgle sotirce. At 0.8 [ wavilength,
the array radiance reaches 10" Wimdsr wheh individual sétrees - single mlode diodes or, e, phase-lorked subarrayy < produce’ greater than
6.4 watts. Combining sources with dxffmﬁr pol arizations-or wavglengths can also increase radiance,




FIGURE 4. Py~

ar Withott micro demonstgitioniy

FIGURE 2. Diode array beam divergence.

A 30 cm square plane first surface mirror with a’gold overcoat for high infrared reflectivity was used to bounce the
beam to provide a longer beam path within the available laboratory space. The overall optical arrangement is’
sketched inFigure 3.

The beam profile at various points was meastired using a d:if"fuse‘targzt (white paper) and a Cohu 4915 CCD-camera.

The CCD camera provides relative intensity information across the beam, which was analyzed using a BVAM10]
BeamView Analyzer from Big Sky Corp.. A Coherent Labmaster power meter placed directly in the array output
beam was used to measure the absolute power into'a 1,8 ¢ diameter circular aperture; and thus calibrate the profile

SERSOr.

The receiver consisted of an array of 9 high efficiency thin film Si photovoltaic cel nanufactured by Sunpower,
Inc., with an active area of 3.8 x 7.9 em. ‘These cells were grouped:in two series strings, one of 6 cells and one'of 3
cells, as shown in Figure 4. These cells had an‘efficiency in sunlight of '18%. They were part of a lot originally
intended for use in a solar-powered airplane project, which was also the source of the demonstration regenerative

fuel cell used as a test load (Mit_l’i‘t_skyf199?_;:_};.,’i’11‘c$@ particular gells were laininated between plastic sheets of

“viewgraph protector” matetial (polystyrene) as part of a demonstrati n package, a fact which proved detrimental to
the experiment. The cells were interconnected with soldered copper ribbon. : . AR .

RESULTS

The transmiltted beam was substantially less uniform than had been hoped. A sample beam profile at the receiver
Diode laser Di 9&33521173
123 m beam 25 X 15 mim red :_:-_;
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FIGURE 3. Optical layout, viewed from above.




location is shown in Figure 5. ‘It was anticipated that directly remmtfmg the diode array on the receiver would give a
nonuniform flux at the receiver, since the array -surface is not umformly bright, but that a comparatively small
defocusing would blur the stripe pattern and yield a uniform spot. The degree of d&focusmg available witlly this
small source and short range Wwas not iargc: however. -Also; the uniformity of the diode bars was poor, especially at
the near-threshold operating conditions; creatmg 1arg¢:~$¢a1c variations in Gutput across the transmitter surface.

However, the high peak power observed in‘one section of the output patteri wis entirely unexpected. ‘We believe
this was due to misalignment of the microlens on onie diodé bar, with the result thatits output was directed about 2

beamwidths away from the nominal beam direction. - With the pf\rticular ranges and optics used, this would cause.

both a dip in flux at the receiver where that bar should have illuminated, and a peak where two bar outputs
ovérlapped.

Due to the nmuniformity, vpexating the trammi‘itm' ﬁt even ~2{) watts 'rcsulted in Iocaiizé:d het spm's at the recei‘ver

tampcraturﬁ solder mtmconncctmns were appmaghmg mzz]tmg P%t»nxpmmt,m examination of the receiver
revealed a crack in one ¢¢ll. Operation with a larger receiver area (a ~1 m? PV cell panel) and higher power was
planned but not completed.

Power Riec&i?edz

Dc,spxte these, pmblems the 3~wll smng was piaced under tha peak of thf: beaiy: pattsm with the laser op»mmg at42

matched load would have been 1,8 W, Due to ﬂ ne
full 9-cell receiver was between'3. 6 and 4.5 watib. _

The flux at the receiver, at the pattem pea& was measme' mth the § po‘we; meter at 1850 me or muﬂhi}"f
full solar illumination. Integrating the beam profile over the active cell'area, vs. the total mtc.gratcd beam proﬁle,

gave the fraction of the laser power illuminating the cellsas 22%. AL28.6 W laser output, and with mirrorlosses of -

~10%, the optical power on the 3-cell string was appromateiy 8.7 W gmng a cail efﬁmencv of 18157 = 3"’%

There is some usicertainty about this value, as a similar mtegrat&(m e&txmams the frar:tm of t
the power méter aperture (2.6 cm?) as 0. 0081; this would gorre&*pond to total beam power at the receiver of
(.185%2.6/0.0081) = 59.5 watts, and thus a laser power of ~65 watts, significanily higher than the 28, 6 W previously
measured at this laser current. The source of the discrepancy is not known. Tt .nrrespcmdmg PV w ¢
this power estimate is correct is ~14%, which would be surprisingly low.
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Fuel Cell/Motor Operation

The receiver was used to directly drive a small (1 W) electric motor with the 3-cell string, and to simultaneously
charge a demonstration-sized regenerative fuel cell with the 6-cell string. The fuel cell, operating as an electrolyzer,
developed bubbles indicating significant gas production at a laser current between 18 and 20 A.

DISCUSSION

This effort was unfortunately cut short after the first “power transmission”. As a result, the overall efficiency and
power transmitted were both low and poorly measured. The estimated efficiency and power are shown in Table 1.

However, the required steps to improve this efficiency in the existing experimental setup are clear:
1. Operate at substantially higher transmitter power to improve transmitter efficiency and uniformity.

2. Tmprove the uniformity of the beam at the receiver. At a minimum, the worst-misaligned diode bar may be
blocked off to reduce the severest “hot spot”. Some types of “beam scramblers”, including the lens ducts used to
couple diode array outputs to solid-state laser media, are nearly radiance-preserving, and can be used to generate a
more uniform output.

With these two improvements, we would anticipate being able to transmit in excess of 100 watts over ~30 meters,
~ with an end-to-end efficiency of approximately 10%, using a larger (~1/2 meter square) receiver array

A third upgrade would use an anamorphic lens or prism to fill the available focusing reflector aperture, rather than
using only a narrow strip. This would extend the usable range to 60 to 100 meters, which would exceed the
available laboratory path and require moving the tests outdoors or to a larger facility.

Since the range is linearly proportional to the transmitting aperture, larger optics could significantly extend the
useful range. Using a 1 meter aperture (of substantially less than telescope quality), the existing transmitter could
send useful power (nominally defined as received flux * PV efficiency > sunlight flux * PV efficiency in sunlight)
over approximately 1 km.

There are few fundamental limits to increasing the transmitter fluence substantially. In particular, higher power
diode bars with 1- or 2-dimensional microlens arrays can clearly provide one more order of magnitude in fluence in
the foreseeable future. Arrays of single-mode diodes, which can be accurately focused on both axes, can potentially
provide 10°® steradian divergence from diodes on <1 mm centers; at 1 watt per diode, such arrays could exceed 10"
Wi/m?-st.

The problem of uniformity will be automatically reduced in larger systems, because the number of individual diode
bars will be greatly increased. In the current system, defocusing the system sufficiently to significantly smooth the
received flux also spread the overall beam substantially; this would be much less true in a system with 100 or more
individual diode arrays. Alternatively, large systems may use multiple small transmitting apertures, since the
received flux is independent of the distribution of the transmitting aperture area; in this case many individual

TABLE 1. Demonstrated and Projected Efficiencies of Noncoherent Power Beaming
Demonstrated Projected® Achievable®
Power, | Effic- | Cumu- | Power, | Effic- Cumu- | Power, | Effic- | Cumu-
w iency, | lative | W iency, | lative w iency, | lative
% Eff., % % Eff., % % Eff., %
DC power 860 100 1540 100 2000 (nominal) 100
Diode array output 28.6 34 34 243 16 16 900 45 45
Transmission 25.7 90 3.1 219 90 14.4 810 90 41
Receive area/beam 5.7 22 0.67( 109 50 72 650 80 33
area
Cell efficiency 1.8 32 0.21 35 32 2.3 260 40 13

* Using the existing source and PV cells in a follow-on experiment
b Using currently-available laser diodes and PV cells




nonuniform patterns would be averaged. However, this will remain a key issue for noncoherent array transmissions,
and further analysis and experiments on the effect of such nonuniform illumination on PV cell arrays is needed.
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